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Body Temperature and Capacity for Work. 

By 

ERLING ASMIJSSEN and OVE B0JE. 

Eeccived 23 March 1945. 


Muscular exercise will produce a rise in body temperature as 
demonstrated by numerous investigators (Jurgensen (1873), 
Pembrey and Nicol (1898), Zunts and coll. (1901 and 1906), 
Benedict and Snell (1902), Hill and Flack (1907), Lindhard 
(1910), Christensen (1931), Nielsen (1938) a. o.). The cause of 
this is the increased production of heat in the working muscles. 
With few exceptions the increase in temperature has been looked 
upon as a sign of failing temperature regulation, end, angering the 
continuation of work. Zuntz and coll., however, called attention 
to the fact that the higher temperature during work might de- 
crease the reaction time of nerves and muscles and thus increase 
the ability to work, and they mention that the subjective feeling 
of stiffness and numbness in the muscles at the onset of work 
disappears after a while as the body temperature rises. From 
another point of view Barcroft and King (1909) observe that 
an increased temperature of blood and muscles makes the dis- 
sociation of oxyhaemoglobin faster and more complete, thus 
facilitating the oxidative processes in the muscles during work. 

These effects of a rise in body temperature were believed to 
be incidental and not essential for the efficient performance of 
work, because the rise in temperature was assumed to be the 
sign of an impaired heat regulation. The work of Nielsen (1938), 
however, threw new light on the subject by demonstrating, that 
— inside a wide range — the rectal temperature during exercise 
rises to a constant level, dependent on the rate of work, but in- 
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dependent of the environmental temperature, humidity and air 
movement. Such an accurately regulated temperature during 
work can hardly be believed to be incidental, and Kielsen there- 
fore malres the assumption that the higher body temperature 
during exercise in some way or other benefits the performance of 
work. He also suggests a way in which to demonstrate this, i. e. 
by measuring the maximum capacity for work of subjects at dif- 
ferent body temperatures. 

Besides the scientific problems it raises, the question wdiether 
the higher temperature during work is an advantage or not, has 
a practical aspect too, viz. in sports, especially in athletics, where 
for quite a long time it has been well known that the best results 
could be achieved only after a preliminary period of "warming- 
up”. But even where the term “warming-up” was used, the be- 
neficial effect was generally not ascribed to any actual higlier 
temperature, but rather vaguely to a "softening” of joints and 
muscles setting in on being moved, or to the acceleration of cir- 
culation and resihration occurring during the preliminary exer- 
cises. 

It is the purpose of this paper to find out whether a higher 
temperature as such has a measurable beneficial effect on phys- 
ical performances, as suggested by Nielsen (1938). We shall 
therefore study also the effect of 'passive warming of the organism, 
on the work capacity. Finally we shall try to elucidate by wliich 
means a higher temperature benefits the work. 


Methods. 

The work consisted in riding a stationary bicycle, braked so ns to 
provide a suitable resistance. For our purpose it was convenient that 
the resistance per revolution was constant at all speeds so that the 
subject might at any time choose the optimum speed at which to work. 
This is not feasible with the Keogh bicycle ergometer usually employed 
in this laboratory, as in this machine the resistance to be overcome per 
fly-wheel revolution rapidly diminishes with speeds exceeding about 
175 rev/min., and the automatic regulation, introduced by Keogh acts 
too slowly to compensate for this during the short time of work. In- 
stead of the electric brake of the Keogh ergometer we therefore em- 
ployed a simple friction brake, which could easily be fitted on to the 
bicycle ergometer available.' (See fig. l.) The leather strap (1) could 
be given such a breadth, that the spring baiance_(8) would always be 
in the zero position, when the wheel was moving. The friction was 
found to be constant even at speeds of more than 600 rev/rain. 
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As a measure of work capacity the time within which a certain 
amount of work could be done was used. We used two standard per- 
formances, one consisting of 35 turns of the pedals, giving a total 
amount of work performed of 956 mkg, and another consisting of 
450 turns, giving a total output of 9,860 mkg. The former lasted 12 to 
15 seconds, was performed mainly anaerobically and simulates a 100 m 
sprint. The second lasted 4 to 5 minutes, maMng serious demands on 
the respiratory and circulatory systems, and simulates a 1,500 m run. 

In some cases the maximum power of the calf muscles was measured 
by means of two dynamometers (Collin), fixed to the floor at each 
side of the foot of the subject and connected by a chain across the knee 
of the sitting subject. The “work” then consisted in a maximal plantar 



Fig. 1. ArmTigemont for frictional braking of bicycle ergometer. 

f-w fly-wheel of the Kbogh bicycle ergometer. 
d dash-pot of brass, fixed on the fly-wheel. 

1 leather strap, 

w weight. 

8 spring balance. 

Work per revolution of wheel: periphery of d x (W — reading on e). 


flexion of the ankle joint. In still other cases the maximum work per- 
formed by a flexion of the elbow joint was determined by a “Hill’s 
fly-wheel”, as modified in this laboratory (Hansen and Lindhabd 
(1923)). 

The preliminary work was performed on the bicycle ergometer at 
an established rate for a fixed time. 

T/ie rectal teniferature was measured by an ordinary maximum ther- 
mometer; in some cases, where a continuous registration was deemed 
necessary, by a thermocouple in the rectum. The constant temperature 
for the corresponding thermocouple was furnished by water at about 
32° in a Dewar’s flask. 

Muscle temperatures of the working muscles were determined by 
means of a thermoneedle, a hypodermic steel cannula being one metal, 
and a concentric, insulated constantan wire the other. They were 
soldered together at the bevel of the cannula. (See Buchthal, Honcke 
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and LlNDirAUD (1915)). Ako in lliis case tha "conHlant” l.h(;rmocoujilf‘ 
was kept at about 32° in a walarfillcd Dkwah'r flask. 

Delmnhiations of mdaholism ware perfonnf.al by tba I)ot:(;t.AH bag 
motliod. Estimations of tbo blood Indntc from fingar blood were mndo 
according to Edwards (I93vH), 

The subjects were Jicalthy men in the age of 21 to 39 years. Some of 
them were active sportsmen — in a few .su{)j)!'*mcntary investigations 
professional bicyclists of world reputation were used — otbers had not 
gone in for .sport of any kind, or the}' were at the beginning of thc- 
experimcntal period utterly untrained. A.s the results turned out to be 
independent of their former records, no attempt at a classification was 
made. 

It may bo worth mentioning that none of the .subjects knew what 
was the actual purjiose of the experiments — at lofist. not in the l)e' 
ginning. They were told that we were going to determine the ofb^ct of 
fatigue caused by the preliminary work on the work rapacity. We are 
convinced that in this way po.ssiblc ji.sychic liffect.s whieb might h.ive 
accounted for the better performaneo when "warmed wr^re elim- 
inated. 


lle.sults. 

Tlie results from a scries of cx])orimcnts on four subjects arc 
averaged (each figure represents the inetin of G to 8 .single deter- 
minations) and presented in table 1. Tiie .subjects were: H. A. 
31 years, 176 cm, 71 kg; J. E. 25 year.s, 178 cm, 7G kg; K. 0. 
26 years, 175 cm, 7G kg and F. ,T. 20 year.s, 181 cm, 85 kg. 

The columns marked "cold" arc to be compared with tlie co- 
lumns marked "warm”. Preceding the work in the "cold” con- 
dition was a rest period of 30 min. duration. In the "warm” ex- 
periments the rest period was followed by a preliminary work 
for 30 min. at the rate of 6G0 mkg/inin. Table 1 .shows, that the 


Table 1. 

SO Min, of Preliminart/ Worh. 


Subj. 


35 revolutionH (956 nikg) i 


450 n'volutton.*! 

(9,800 mkg) 

“Cold” 

“Warm” 

i 

! 

I 11 i 

“Cold” j -Wann” 

I-Jixioc 

Kectal 

temp. 

I 

Time 

Rectal 

temp. 

11 

Time 

— y-xloo; 

' j 

Rectal 

temp. 

I 1 Rectal 
Time i temp. 

11 

Time 

a. A. . 

S7..S'’ 

14.4" 


13.0" 

3.5 i 

37.3° 

5'3n.i"j 38.05° 


2.7 

r. E. . . 

37.1' 

14.1" 

37.8° 

13.3" 

5.7 i 

37.1° 

4'39.7"I 37.8° 

4'26.2" 

4.8 

K. G. . 

37.0° 

14.4" 

37.85° 

13.5" 

6.3 

36.0° 

5'19.0"| 37.0° 

5'09.4" 

3.0 

F. J. . . 

36.0° 

13.7" 

37.8° 

12.0" 

S.o 

37.0° 

4'48.5" 37.8° 

4'32..5" 

5.5 
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^o.sept /S. 20. 25. 30. S.oct. W. fS. 


Fig. 2. Performance time for sprint (95G mkg), plotted against date of experi- 
ment. (Sul>j. F. J.) 

• — • Without preliminary Tvork. 

X — X After preliminaty work. (CGO mkg/min. for 30 min.) 


preliminary work increased the rectal temperature by about 0.8°. 
The time needed for performing the work was shorter -when the 
subjects were "warm” than when they were "cold”. The differences 


are calculated as per cent of the "cold” values 



XlOO 


and 


presented in the table. It vdll be seen that the warming-up by the 
preliminary work has improved the results by between 2.7 and 
8.0 per cent. 

In fig. 2 the individual values for F. J. in performing the brief 
performance are plotted against the successive experimental days. 
All the results from the “cold” experiments are connected by 
lines as are all the results from the "warm” experiments. There is 
a general trend towards better results during the experimental 
period, which is due to the effect of training. But besides this 
fig. 2 shows that the results from the "warm” experiments are 
always better than the corresponding "cold” results. 
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• — • Without preliminary work. 

X — X After preliminary work. (G60 mkg/min. for 30 min.) 


The same is the case with the long-time work, as fig. 3 illustrates 
(subj. J. E,). Also in this kind of work there is a considerable 
effect of training throughout the experimental period, but the 
"warm” experiments always give better results than the "cold” 
ones. 

In the case of the longer work the beneficial effect of the 
warming-up might be believed to be limited to the very first 
part of the work only, and that later on the capacity might be 
uninfluenced by the preliminary work. That this is not so is 
evident from table 2, in which the time for 100 pedal turns is 
calculated and averaged for the same four subjects as in table 1 

for every hundred turns up to 400, and for the last 50, from 401 
to 450. 

It will be noticed that with the exception of the first hundred, 
^ intermediary times are best when thp. subjects are "warm”. 

e time for the first hundred revolutions is more apt to depend 
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on the temperamental state of the subjects than the later ones, 
as the subjects were allowed to plan their work according to their 
own minds. J. E., for instance, rode at an almost constant speed 
throughout the work, whereas the others apparently preferred 
to ride faster at the start, but consequently grew tired and had 
to slow down later on. 


Table 2. 

Time per 100 Revolutions. 



“Cold” 

1 

! 


“Warm 


wm 

Subj. 

1— 

101— 

201— 

301— 

401— 

1- 

101— 

201— 

301— 

301— 


100 

200 

300 

400 

450 

■1 

200 

300 

400 

350 

H. A. 

1.04' 

1.29' 

1.38' 

1.34' 

1.14' 

1.06' 

1.2S' 

1.29' 

1.28' 

1.13' 

J.E. 

1.00' 

1.04' 

l.OG' 

1.00' 

1.02' 

0.94' 

0.97' 

1.01' 

1.03' 

0.97' 

K, G. 

1.07' 

1.20' 

1.23' 

1.2G' 

1.06' 

1.12' 

1.13' 

1.17' 

1,20' 

1,08' 

F, J. 

0.93' 

l.n' 

1.12' 

I.IC' 

l.Ofi' 

0.98' 

0.98' 

1.06' 

1.05' 

0.95' 


The beneficial effect of a preliminary work on the work capacity 
might be due to the increased temperature in the body, or it 
might be due to other physiological changes accompanying mus- 
cular exercise, e. g. of circulatory, respiratory or hormonal char- 
acter. In order to investigate this problem experiments were per- 
formed in which the body temperature was raised 'passively. In 
this way it should be possible to exclude such additional factors 
from consideration and to investigate the effect of temperature 
alone on the capacity for work. 

The heating of the organism was performed by means of short 
wave radio diathermy^ or — in a few experiments — by means 
of a hot shower (47° C.) for about 10 minutes. In the experiments 
vdth radio diathermy large heating pads were placed under the 
buttocks and over the thighs, or the subject was placed on a spe- 
cial bed with two built-in heating pads, furnished by the makers 
of the diathermy machine. 

The results from these experiments on the same four subjects 
as used earlier are averaged in table 3. (4 to 6 single determinations 
of each kind on each subject.) 

It is evident, that also a passive heating of the body is able to 
improve the performances, both of the short-time and of the 
long-time type. 


^ We are much indebted to 3Ir. M. P. Petebsen, civil engineer, who kindly 
placed a diathermy machine at our disposal. 
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Table 8, 

Radio Diathermy. 



'li 

35 revolutions (05G in]:g) Ij 

450 revolutions (9,860 mkg) i 

Subj. 

“Cold” ' "Warm” 

!' “Cold” 

T_TT 

“Wann” 

i 

I 

I— IT 5 

^xioo; 

i 


Kectal 1 'Rectal 
temp. 1 Time 1 temp. 

II 

Time 


I 

Time 

Rectal 

temp. 

II 

Time 


H. A. . 

37.3° 

14.3' 

38.8° 

13.6" 

4.9 




1 i 

J. E. . . 

37.3° 

13.6" 

38.7° 

12.8" 

5.9 

37.1° 

4'26.9" 

38.0° 

4'11.1" 6.8 1 

K. G. . 

36.8° 

13.7" 

38.1° 

12.8" 

6.6 

37.2° 

4'49.7" 

38.5° 

4'3S.3"| 3.9 1 

F. J. . . 

36.9° 

12.9" 

38.6° 

12.3" 

4.7 

36,8° 

4'53.8" 

38.0° 

4'3l.4"i 7.0 I 


As radio diathermy heats the body from inside it greatly re- 
sembles the natural wanning-up by means of muscular move- 
ments. Hot water, as used in our experiments with hot showers, 
heats the body from the outside. It was quite possible, that the 
differences in skin temperature, blood distribution etc. after the 
two modes of warming-up might prove to act differently on the 
work capacity. The results from experiments on two subjects, 
0. B. (39 years, 183 cm 78 kg) (5 experiments) and J. E. (data 
above, 4 experiments) show (table 4), that n 10 minutes' hot 
shower bath is able to raise the rectal temperature by 0.5° tD 
0.6° and that the performances as usual were better in the warm 
condition. 

Table 4. 

Hot Bath . 




35 revolutions 

(956 mkg) 

Subj. 

“Cold” 

“Warm” • 

i-— X 100 


Rectal 

temp. 

1 

Time 

Rectal 

temp. 

ir 

Time 

0. B. ...;. 

37.3° 

15.4" 

37.9° 

14.3" 

7.2 

J. E 

37.1° 

13.9" 

37.0° 

13.2" 

5.0 


As a third way of heating the subjects massage might be men- 
tioned. Actual measurements of muscle temperatures after 
massage (Buchthal, Honcke and Lindhabd, personal com- 
munication) show, however, that very little can be reached in 
this way. Our results with two. subjects (P. K. 23 years, 181 cm, 
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7-i kg and P. L. 21 years, 181 cm 74 kg), who previous to work 
were ^^gorous!y massaged on legs and buttocks for 15 minutes 
by a strong masseur, are in good agreement with this observation. 
The results (from 7 experiments of each kind on each subject), 
averaged in table 5, show that massage had no or only very little 
effect on the two kinds of work investigated. 


Tabic 6. 


Subj. 

35 rcvohitions i 
(956 nikg) j 

■150 revolutions 
(9,860 mbg) 

After 

rest 

1- 

After j 
15 min. j, 
mnssagp 

After 

rest 

After 

15 min. 

masRuge 

i P. K 

15.1" 

li 

U.y" i 

•1'47.9" 

4'47.2" 

i P. J 

13.7" 

13.7" I; 

2.5" 

4'52.3" j 


For the explanation of the results of experiments mentioned on 
the preceding pages it is essential to know not only the rectal 
temperature, but also the temperature of the working muscles. 
Minsclc tenipernture.s may deviate con.siderably from the rectal 
temperature, and they rise more rapidly during work than does 
the rectal temperature as shown recently by Buchthal, H6xcke 
and Lixdh.ard (1945). This is demonstrated by fig. 4, in which 
tlie rectal temperature and the temperature of M. vastus lateralis 
are plotted against time from the onset of work. The work — on 
the bicycle ergometer — was at the rate of G60 mkg/min. The 
rectal temperature could be followed continually by means of 
a thermo-couple in.serted about 20 cm into the rectum. For each 
measurement of the muscle temperature the subject had to stop 
for a moment while the thermo-needle was thrust into the lateral 
vastus muscle. This e.xpcriment, which was confirmed by experi- 
ments also on other subjects, shows that the muscle temperature 
in the active mu.scle.s rises almost abruptly and that after about 
10 minutes a level is readied, which is maintained during the re- 
mainder of the working period (in one subject it was measured 
over a period of 70 minutes). The rise in the rectal temperature 
is lesser and slower, a level generally being reached after about 
30 minutes, as .shown by Nielsen (1938). 

The fact that the muscle temperature rises considerably faster 
during work than does the rectal temperature allows a differentia- 
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tion between the effect of the liighcr rectnl tcinpomture and the 
effect of the raised local tomi)crature in the active muscles; After 
5 minutes of preliminary work (OGO mkg/min.) the muscle tem- 
perature is increased to more than 38”, whereas during the same 
time the rectal temperature only increases by 0.1 to 0.2” C. After 
30 minutes of preliminarj* work the rectal temperature, too, has 



Fig. 4. Temperature measured in lateral vastus muscle (mt) and in rectum (rt) 
during a work of 600 mkg/min. (Subj. J. E.) 


undergone a considerable increase, while the further increase in 
muscle temperature is relatively small. Roughly spoken it may 
be said, that 5 minutes of preliminarj* work raises the muscle 
temperature only, while 30 minutes of work raises both rectal 
and muscle temperature. 

The effect of a preliminary work of 5, respectively 30 minutes 
duration on our short-time standard performance (3o pedal 
turns) is demonstrated in table 6. The figures are averages from 
several (5 to 9) experiments. 
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Table 6. 


Subj. 

After 30 min. rest 

After 5 min. 
“warming-up” 

After 30 min. 
“warming-up” 

Rectal 

temp. 

Muscle 

temp. 

Time 

Rectal 

temp. 

Muscle 

temp. 

Time 


Muscle 

temp. 

Time 

H.A. .. 

37.2° 

37.0° 

14.0" 

37.3° 

38.5° 

13.4" 

37.8° 

39.4° 

13.2" 

0. B. .. 

37.1 

36.2 

15.6" 

37.3 

38.2 

14.6" 

38.2° 

39.2° 

13.8" 

J. E 

37.0° 

37.1° 

13.8" 

37.1° 

38.3° 

13.1" 

37.8° 

38.9° 

12.9" 

F. J. . . . 

37.1° 

37.5° 

12.6" 

37.2° 

38.5° 

12.3" 

37.7° 

39.0° 

11.9" 


Table 6 shows that 5 minutes of preliminary work greatly 
improves the performance, although the rectal temperature is 
only slightly increased. A further increase in temperature, both 
muscular and rectal, as will be found when the preliminary work 
has lasted 30 min, improves the results further still, though re- 
latively slightly compared witn the improvement after the first 
5 minutes of work. Similar results were obtained also for the 
long-time performance of 450 revolutions. 

A graphic representation of a series of corresponding experi- 
ments on K. G. is presented in fig. 5. The preliminary work, here 
at the rate of 985 mkg/min., lasted in the various experiments 
from 5 to 50 minutes. Immediately alter this the rectal and the 
muscle temperature were measmed, and the standard perfor- 
mance of 35 revolutions (956 mkg) was begim. The time needed 
for this, and the temperatures are plotted against the dmation 
of the preliminary work in minutes. Tig. 5 shows that the main 
effect of the warming-up is achieved when the muscle temperature 
has reached its level, i. e, after 10 to 15 minutes, and that the 
further, slow increase in rectal temperature has but little effect 
on the performance time. 

According to IJielsbn (1938), the rectal temperature is closely 
related to the intensity of work. So is presumably the temperature 
of the working muscles. It was of interest to see whether the very 
high temperatures that can be reached only after strenuous work, 
were still able to improve the capacity for work, or whether fatigue 
resulting from the preliminary work might obscure or outweigh 
the effect. A series of experiments therefore was performed on 
J. E. m which the intensity of the preliminary work varied be- 
^een 200 mkg/min. and 1,640 mkg/min. In all experiments the 
duration of the preliminary work was 30 min. The heaviest work 







12 


ERLINQ ASMDSSEN ^ND OVE B0JE. 



• — • Performance time for sprint (950 mkg). 

X — X Temperature of lateral vastus muscle. 

O — O Rectal temperature. 

Abscissa: Duration of preliminary n'ork (9S5 mkg/min.) (Subj. K. G.) 

— 1,640 mkg/min. — was tke maximum work tkis strong and well 
trained subject could perform. The results are plotted in fig. 6. 
It will be seen that both rectal and muscle temperatures increase 
with increasing intensity of the preliminary work, and further, 
that the time needed to perform the standard work of 35 revolu- 
tions (956 mkg) decreases steadily. 

The effect of fatigue resulting from the preliminary work seems 
to be negligible in this kind of work, and a close relationship be- 
tween temperature and work capacity is found. 

The correlation between temperature and work capacity, as 
expressed by the time required to perform 956 mkg, appears in- 
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• — • Performance time for sprint (956 mkg). 

X — X Rectal temperature. 

0 — 0 Temperature of lateral vastus muscle. 

Abscissa: Intensity of preliminary xrork (30 min.) (Subj. J. E.) 

complete, when, the time of performance is plotted agaiost the 
rectal temperature, because, as explained above, the performance 
time decreases considerably already after 5 to 10 minutes of 
preliminary work, during which time the rectal temperature only 
increases a few tenths of a centigrade. Between the muscle tem- 
peratures and the performance time, however, there seems to be 
a complete correlation inside a rather large range. 

This is demonstrated by fig. 7, in which results from the short 
standard work on J. E. are plotted against muscle temperature 
(lateral vastus). Eig. 7 shows that in the range from 36.5 to 
40.8°, the time used to perform the work decreases steadily, in- 




14 


ERLING ASMDSSEN AND OVE B0JE. 



63 

> 


O 

O. 


eS 

to 

c3 


*2 

'p^ 




to 


I s S 

P u 

r ?3 p 

2.2 ^ 

c;:: o 

.So® 
"s ^ o 

b t 3 2 

p< fci •-< 

r’ 

P<-°-=-= 


to pj e< B) 

_C p P 3 
3 to to to 
5 c c c 

I s G e 

tu u u 
” c3 e e 


. 0 « + x 

to 


dependent of whether the temperature has been achieved by ac- 
tive muscular work, or by passive warming by radio diathermy 
or hot baths. 

The standard performances used in the above experiments for 
testing the effect of a warming-up have both consisted of several 
movements. It is necessary to see whether the effect of a higher 
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Table 7. 


Subj. 

“Cold” 

“Warm” 

Rectal 

temp. 



Leg 

push 

Arm 

pull 

Rectal 

temp. 

Calf 

temp. 

Arm 

temp. 

Leg 

push 

Arm 

pull 

J. E. . . 
H. K... 

37. l" 
36.8° 

36.1° 

36.1° 

36.0° 

35.9° 

178 kg 
145 » 

9.4 mkg 37.9° 
9.1 t 37.7° 

38.1° 

38.1° 

.36.1° 

35.2° 

201 kg 

156 s 

9.2 mkg 
9.1 » 


temperature manifests itself also in a peak effort of the type used 
in throwing or jumping. This was done by determining the maxi- 
mum push that could be exerted bj the muscles of the calf in 
a plantar flexion, and — in order to measure the maximum work 
performed by the arm muscles in a flexion of the elbow — by 
means of "Hill’s fly-wheel”. Both tests were performed, first 
after 30 minutes of rest, and then after 20 to 30 minutes of bi- 
cycle riding with a work intensity of 985 mkg/min. Rectal tem- 
peratures and the temperatures of the soleus muscle and the 
biceps hrachii were measured just before the test. The results 
(averages of 7 experiments on each subject) are presented in 
table 7. (Subjects J. E. (data above) and K. H. (22 years, 175 
cm, 63 kg).) 

The table shows that an improvement is registered in the 
strength of the calf muscles, the temperature of which rises after 
the bicycling, not, however, in the performance of the elbow 
flexors, whose temperature does not increase. This latter in spite 
of the fact that there is a considerable rise in the rectal tem- 
perature. 

In order to study the mechanism by which the improvement 
in work capacity may be brought about, determinations of the 
maximum oxygen-uptake during our long standard performance 
(450 revolutions) were made. In these experiments, the subject 
breathed through mouthpiece and valves during the entire period 
of work and the expired air was collected during the last 60 
revolutions of the pedals and during the first 7 minutes of recovery. 
The total oxygen uptake during these 7 minutes of recovery allows 
a relative estimation of the magnitude of the oxygen debt ac- 
quired through the preceding work. Blood samples (capillary 
finger blood) were taken 3 and 6 minutes after cessation of work 
for estimation of the blood lactates. At this time of recovery the 
blood lactates were highest. These experiments were made only 
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Tlii? table ^howii that the time required for the work ha« on 
an avcraire decroaKcd by 11 ‘■•ecoiub- or ■?.>*' per cciu. 'Ilic time 
for the last bO turns has decre'ascd relatively more, i. c. by 7.S 
per cent. Corrcsponfiingly, the maximal Oj-uptake '.Inrinp work 
is O.lOB liters jier minute or 2.C per cent luglier in the *'warm" 
scries, and the "oxygen debt” has incrc.ased by liters or 

3,1 per cent. The blood lact-nte ,«eeins to be iov-er (3.0 %) in the 
"warm” scries: the difference is so .small, however, that it lies 
within the accuracy of the method, and other determinations 
of the blood lactate on subjects II. A., .T, E.. K. G. anti F. J. 
after the performances - referred to in table ] show that the 
blood lactate is jiractically identical in the two conditions 
(table 9). 

In the experiments on J. E. (tabic S) tbc puke rate was 
counted during the last phase of work. It varied in both .series 
between 200 and 216, and no s%*stematic difference between the 
two series could be detected. 
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Table 9, 

Aver. Blood Lactates Corresp. to Worh of Jt50 Rev. in Table 1. 


Subj 

•'Cold'’ 

mg% 

-Warm” 

“g% 

Decrease or in- 
crease (%) 

H. A 

128 

131 

+ 2.-i 

J.E 

158 

160 

+ 1.S 

K. G 

176 

173 

— 1.7 

F.J 

154 

163 

-1- 5.8 


Conelnsions and Discnssion. 

The conclusions to be drawn from the experiments described 
on the preceding pages are; A. higher temperature in the working 
organism facilitates the performance of work. This is clearly 
demonstrated for work consisting in a peak effort, as well as in 
work lasting 12 to 15 seconds, and in performances of longer 
duration (4 to 5 minutes). It has further been demonstrated that 
not only the active warming of the organism through a preliminary 
work, but also a passive heating of the organism by radio dia- 
thermy or by hot water, has a beneficial effect on the output of 
work, corresponding to the temperature it involves. From this 
it seems justifiable to conclude that the beneficial effect noted is 
preponderantly a teiri'perature effect, and that other effects of the 
preliminary work (circulatory, respiratory, hormonal etc.) may 
be left out of consideration in this connection. 

The effect seems to be almost proportional to the temperature, 
as figs. 6 and 7 show. From fig. 6 it is impossible to tell whether 
it is the rectal temperatme (representing, presumably, the mean 
temperature of the arterial blood) or the local muscle temperature 
that is directly responsible for the improvement in work capacity. 
Certain observations seem, however, to indicate that it is the 
muscle temperature. These observations are: After a preliminary 
work of short duration (6 min.), the rectal temperature has in- 
creased only by 0.1 to 0.2° 0. The effect on a subsequent per- 
formance is, however, considerable, closely related to the fact that 
the muscle temperature has increased considerably (table 6 and 
fig. 5). A prolongation of the preliminary work up to 30 minutes 
brings about a further increase of the rectal temperature of 0.5 
to 0.9° C. This relatively large increase is not accompanied by a 
corresponding increase in performance, but by a rather moderate 

2 — i525i6. Acta phys. Seandinav. Yol. 10. 
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improvement of sucli a value as might he expected from the 
concomitant increase in muscle temperature. 

As further support of this assumption may be mentioned the 
experiments tabulated in table 7: In the “warm" condition the 
rectal temperature has in this case increased by about 0.8° C., 
but nevertheless the output of work by the elbow flexors is not 
larger, corresponding to the fact that their temperature has not 
increased, whereas the leg muscles could develop a considerably 
higher tension, in accordance with the higher temperature mea- 
sured here. 

Roughly spoken, an increase of the tnvscle ionperahire alone 
(table 6) improves the performance considerably, whereas an in- 
crease of the rectal temperature alone (table 7) seems to have but 
slight effect on the kind of work here investigated. The close 
dependence of work capacity on muscle temperature is also in- 
dicated by the curves of figs. 5 and 7. In a graph showing work 
capacity (performance time) plotted against rectal temperature, 
the values from experiments with short duration of preliminary 
work will fall outside the general curve for reasons mentioned 
above. 

From a teleological point of view it looks rather natural that 
in an exercise of shorter duration the rapidly increasing muscle 
temperature plays a more important role than does the slowly 
changing rectal temperature. In exercises of longer duration (30 
minutes and more) the fact may be different; anyway the ac- 
curately regulated rectal temperature during long exercises 
(Nielsen (1938)) seems to make this assumption very reasonable. 

The significance of a higher rectal temperature, i. e. a higher 
temperature of the circulating blood, may be sought in the fact, 
that a higher blood temperature allows the local muscle tempera- 
ture to be maintained at a higher level than would otherwise be 
possible. The actual determinations of the muscle temperature 
show that the latter may vary during the work: e. g. in fig. 4 it 
is slowly increasing, very nearly corresponding to the concomitant 
increase in rectal temperature; but in fig. 5 the muscle temperature 
seems to be independent of the steadily increasing rectal tempera- 
ture, and still other experiments, not to be published here, show 
that the muscle temperature after the initial rise may even fall 
somewhat, although the rectal temperature still increases. The 
muscle temperature is presumably rather susceptible to changes 
in skin temperature, so that for instance the outbreak of sweat- 
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ing may influence the temperature of the imderlying muscles 
considerably. A higher temperature of the abundant blood flow 
irrigating the working muscles will in all cases permit them to 
maintain a higher and more adequate temperature. The accurate 
regulation of the blood temperature durmg work (Nielsen ( 1938 )) 
thus becomes a highly appropriate mechanism by which to im- 
prove the capacity for work. 

A further beneficial effect of a higher rectal temperature (i. e. 
mean temperature of the arterial blood) may be looked for else- 
where, e. g. in the nervous system. An attempt to demonstrate 
such an effect was made by determining the reaction time eye- 
hand in the "cold” and "warm” condition. The determinations 
were made on our four main subjects and the average results 
came out as shown in table 10. 


Table 10. 

Reaction Times. 


Subj. 

•Cold” 

“Warn,” 

H. A 

204 ± 5 msec. 

190 ± 4 msec. 

J. E 

188 ± 8 » 

195 ± 10 » 

K. G 

196 ± 6 » 

205 ± 4 » 

E. J. 

189 ±4 0 

175 ± 3 » 


The results are not conclusive, as in two subjects (H. A. and 
F, J.) there was a beneficial effect of the higher temperature, 
whereas J. E. and K. G. apparently showed the opposite. It 
may be mentioned, though, that the single determinations (18 of 
each Mnd) in both H. A, and J. E. scattered rather little, whereas 
in J. E. and K. G. the individual determinations (16 of each kind) 
varied somewhat more. 

A beneficial effect of a higher blood temperature during work 
on other organs, e. g. heart or liver, seems quite possible, only 
we are not in a position to demonstrate it. 

The ways in which the local temperature of the muscles may 
influence the ability to perform work is also open to discussion. 
The effect of the higher temperature may be assumed to be either 
of a mechanical or of a chemical nature. 

Mechanically, a higher temperature of the working muscles 
may be of advantage by influencing the viscous and elastic pro- 
perties of the muscles in such a way that at the same production 
of energy more external work could be performed. Viscosity de- 
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creases with increasing temperature, and it is quite possible that 
when temperature increases, less energy may be lost in over- 
coming viscous resistance in swift-moving muscles, so that in 
this way more energy may be utilized for tbe performance of 
external work. Tbe elastic properties of muscle fibres have been 
studied by Buchthal el al. (194:4:), wbo found that stiffness 
during contraction decreases witb increasing temperature, that 
dynamic shortening increases somewhat, but that the height of 
extra-tension developed during contraetion in frog muscles is 
hardly affected by even large changes in temperature (6° to 23°). 
Judging from these results, the beneficial effect of a higher muscle 
temperature can hardly be assumed to be the effect of temperature 
on the elastic properties of the muscles. 

Chemically, a higher temperature may benefit muscular per- 
formances by accelerating the liberation of energy in the muscles. 
If the aerobic processes in muscles are accelerated, one might ex- 
pect to find a higher maximal Oj-uptake in the "warm” condition 
than in the "cold” condition. An indication of this is given by the 
data of table 8, showing that on an average the Oj-uptake during 
the last 50 revolutions in the "warm” condition is increased by 
0.1 1/min. or 2.6 per cent. ^^Tien, however, the oxygen necessary 
for actually performing these revolutions is calculated it is found 
to be on an average 2.047 1 in the "cold” condition and only 
1.931 1 in the "warm”, a difference of 0.115 1, suggesting a re- 
duction in the internal resistances. 

The higher temperature, therefore, may quite well have in- 
creased the intensity of the aerobic processes in the muscles. 
Similar effects on the maximal Oj-uptake have been observed by 
Nielsen and Hansen (1937), who found that after heavy pre- 
liminary work a subject could take up more oxygen in a final 
spurt than when the spurt had been begun from a resting con- 
dition. They were inclined to ascribe this effect to the increased 
circulation reached in the preliminary work. In our case such an 
effect can be disregarded as the subject in all cases began work 
after a pause of several minutes. (The final pulse rate reached 
was also practically the same: about 210.) 

Not only the oxidative processes in the muscles but also the 
anaerobic must be assumed to be furthered by a higher tempera- 
ture. We could, however, not demonstrate any changes in the 
formation of lactic acid (table 9), and the slight increase in the 
"oxygen debt” (i. e. the total oxygen intake in 7 minutes of re- 



BODY TEMPERA.TDRE AND CAPACITY POE VrORK. 21 

coTery) (table 8) in tbe "warm” condition (0.234 1) is so small that 
the effect of the higher body temperature on the basal metab- 
olism alone may explain the whole increase. But, on the other 
hand, the improvement in the "sprint” and in the “push” can 
hardly be explained without the assumption of a temperature 
effect on the anaerobic processes (and on the intramuscular re- 
sistances). 

Of special interest for this discussion is the effect of a higher 
temperature on the dissociation curve of haemoglobin. According 
to Barceoft and King (1910), haemoglobin at an oxygen tension 
of 30 mm Hg gives up almost twice as much oxygen at 41° as 
at 36°, and the oxygen dissociates from haemoglobin about twice 
as rapidly. A corresponding effect of temperature on the disso- 
ciation curve of myoglobin has been demonstrated by Theoeell 
(1934) and although the temperature dependency is somewhat 
smaller than in haemoglobin, a beneficial effect on the trans- 
ference of oxygen from blood to the intracellular oxydative systems 
may well be assumed. 

It seems therefore quite reasonable to conclude that the bene- 
ficial effect of an increased temperature on the ability to perform 
muscular work is due not only to the effect of temperature on 
the chemical processes in the muscles, presumably both the 
anaerobic and the aerobic, but also to a mechanical factor (de- 
creased viscosity). 

Summary. 

It is a well established fact that the body temperature in- 
creases during muscular exercise, and that the increase is regu- 
lated (Nielsen, 1938). It was the purpose of this paper to study 
the effect of the increased body temperature on the performance 
of maximum work, viz. a work performance of short duration (12 
to 15 seconds) and a work performance lasting 4 to 5 minutes. 
The effect on a peak effort (a "push” or a "pull”) was also studied. 

The experiments showed: 

1) A given amount of work could he performed better — i. e. 
in a shorter time — when the organism was warmed up by a 
preliminary work. Also a greater muscular tension could be 
developed when "warmed up” than when not. 

2) A passive warming up — e. g. by means of radio diathermy 
or hy hot baths — also increased the capacity for work. 

3) Massage had no beneficial effect on the performance 



22 


ERLING ASMUESEN AND OVE UOJE. 


4) Tlie harder the preliminary work was, the higher rose the 
temperature and the better was the performance (only de- 
monstrated in the work of shorter duration (12 to 15 sec.)). 

5) The increased ability to perform hard work is closely cor- 
related to the temperature of the worldng muscles. 

6) The maximum oxygen uptake is slightly higher when the 
organism is warmed up than when this is not the case, but the 
oxygen necessary for a certain amount of work is reduced. 

From these results it is concluded that a higher temperature in 
the muscles benefits the ability to perform work by accelerating 
the chemical processes in the muscles, probably also by decreasing 
the intramuscular \dscous resistance. Tlie accurately regulated 
higher rectal temperature in work (Nielsen) allows the muscles 
to obtain a higher temperature during work than would other- 
wise be possible. 

The expenses of this work have been covered by grants from 
the Frlc. P. A. Brandts Legal Foundation to which we are much 
indebted. 
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On Seram Choline Esterase Activity 
in Experimental Liver Injury. 

By 

GDTTNAR STEENSHOLT and HELGE VENNDT. 
Eeceived 5 April 1945. 


The enzyme choline esterase has been very extensively studied 
during recent years, both by biochemists and physicians, on ac- 
count of its important functions in the nervous system. A very 
large experimental material has. thereby been brought together. 
However, our knowledge of the enzyme is still very incomplete, 
and a number of fundamental questions still await their solution. 
Among these is the very important problem as to the place of 
origin of the enzyme in the animal organism. So far, the question 
seems to have been approached only from the clinical side. A 
complete account of all the work done up to now cannot be given 
here (for a summary see, for instance, Fabee (1941)); much of 
it has been carried out with rather crude methods, and we shall 
therefore restrict ourselves to a consideration of only those in- 
vestigations in which the determination of the serum choline 
esterase activity w^as made by the manometric method, since this 
seems to be by far the best available at the present time. 

Thus, Antopol, Tuchman and Schifein (1937, 1938) have re- 
ported an investigation of 500 patients with various diseases. 
Though their material shows very large variations, they always 
found particularly low serum choline esterase activity in patients 
with anemia and fibrilia, and especially with liver diseases, 
.'his feature was brought out much more clearly in the clinical 
aaterial presented by McArdle (1940). From an investigation 
)f about 270 cases he concluded that diseases of the liver are 
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always accompanied by low serum choline esterase activity, and 
he even suggested the introduction of routine serum choline 
esterase activity determinations as a convenient test of liver 
function. Faber (1941) also presented a considerable clinical ma- 
terial, which showed uniformly the same characteristic feature 
of very low serum choline esterase activities in patients with 
liver diseases, and also in many cases of anemia and kidney and 
heart diseases. It was further found that low serum choline 
esterase activity was as a rule accompanied by a lowered amount 
of serum albumin. As the most probable explanation Faber 
suggests the liver cells as the common place of origin of both 
choline esterase and serum albumine, and, moreover, that there 
is a fairly constant ratio between the rates at which these two 
substances are excreted into the blood stream. Faber maintains 
that this assumption suffices to explain all the clinical observa- 
tions. 

So far, all investigations of these problems seem to have been 
confined to clinical work. "We have therefore thought it worth 
while to study the variations of serum choline esterase activity 
in cases of experimental liver injury. The present paper is a re- 
port on the results of our work. 


Experimental Part. 

Methods of analysis. For the determination of serum choUne esterase 
activity we have applied the manometric method of Warburg, in the 
form developed by Aaimon especially for this purpose. In our modi- 
fication the procedure was as follows: 

All measurements were carried out with a Warburg equipment of 
ordinary construction. The volume of the reaction vessels was about 
15 ml. Each vessel contained, in the main chamber, 2 ml bicarbonate 
Ringer containing 1 per cent serum. The side chamber contained 0.5 
ml of a 3 per cent aqueous acetyl choline chloride solution. The vessels 
were filled with a mixture of 5 per cent CO 2 and 95 per cent Nj, and 
placed in a water bath of 37.5° C. After 15 — ^20 minutes temperature 
equilibrium was reached, and the content of the side vessel was tipped 
into the main chamber. After another 5 minutes the readings were 
started and were taken every 10th minute. A thermobarometer was 
always applied in the familiar way. Under these conditions the libera- 
tion of CO 2 during the enzymic hydrolysis was foimd to proceed linearly 
with the time for a period considerably beyond 40 minutes. As a con- 
venient measure of serum choline esterase activity we have used the 
amount of 002 liberated in 40 minutes, under the experimental con- 
ditions defined above. This quantity was determined graphically in 
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excess of the actual demand of the animals. During the experimental 
period the animals seemed to lose appetite and probably decreased 
slightly in weight. 

The chloroform was given per os mixed with 30 — 40 ml of mustard 
seed oil. No vomiting was observed. The blood samples were always 
drawn from the tarsal veins and always before the chloroform was 
given. 

Between each series of experiments the animals were allowed ample 
time for complete restitution. 

Results. The following series of experiments were carried out. 

In the first series each dog received daily 2.5 ml of chloroform 
for a period lasting about a week. The results are shown diagram- 
matically in Fig. 2. The serum choline esterase activity at the 



Fig. 2. The curves A and B give the variations in serum choline esterase activity; 
A' gives the variations in serum albumin. The abscissa axis is divided into 24- 
hours-intervals. The arrows denote the times at which chloroform was given. 
The serum albumin curve B' is left out since it is only very slightly different 

from A'. 


beginning of the experiment was, for convenience, arbitrarily put 
equal to 1. No bilirubin determinations were carried out in this 
series. 

In the next series a single large dose of 8 ml chloroform was 
given at the start of the experiment, and the serum choline 
esterase activity, the icterus index and the serum albumin were 
followed as described above. Fig. 3 a contains all the results. 
Here also the serum protein values at the beginning of the ex- 
periment were arbitrarily put equal to 1. Only the serum albumin 
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values are given, since they are of special interest for our investi- 
gation. The values obtained for the amount of total protein in- 
dicated a slight decrease; with a corresponding slight increase in 
serum globulin. 



Fig. 3 a. AH eymbola have the same meaning as in Fig. 2. Abscissa divided into 

24'hour3-interval8. 



Fig. 3 b. Variations in bilirubin index during the experiment illustrated in Fig. 3 a. 


Fig. 4 a presents in the same manner the results obtained on 
our last series of experiments. Here each dog received 4 ml chlo- 
roform at the times indicated in the figure. 

A glance at the diagrams shows that in all our experiments 
the results were imiformly of the same general character, the 
qualitative nature of the reactions of the animals being the same 
in all experiments. We therefore limited our work to only two 
dogs. 
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Fig. 4 a. All symbols, including the arrows, have the same meaning as in][Fig. 2. 
The curve B' is left out for similar reasons as in Figs. 2 and 3. The abscissa is 
divided into 24-honr8-intervals. 



Fig. 4 b. Variations in bilirubin index during the experiment described in Fig. 4 a. 


Discussion. 

Tlie striking feature of our results is tke pronounced increase in 
serum ckoline esterase activity following upon administration of 
ckloroform. Fxirtiier we see that in contrast to the findings in 
clinical observations the rise in the serum choline esterase ac- 
tivity is accompanied by a simultaneous decrease in serum al- 
bumin. 

A consideration of Figs. 2 and 3 shows that the curves for one 
single large initial dose of chloroform and the curves for con- 
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tinuous administration behave identically as regards the inter- 
relation of the variations in the factors investigated. In Fig. 4 a, 
however, the administration of chloroform has been interrupted 
on certain days, as indicated in the figure, and the curves there- 
fore do not show the regular course of those in the Figs. 2 and 3. 
It appears from the diagram that an interruption in the ad- 
ministration of chloroform caused an immediate fall in serum 
choline esterase activity; when administration of the drug was 
resumed the enzyme activity rose again. No corresponding va- 
riations in the other factors could be found in our experiments, 
probably because they were too small to be detected with our 
methods of analysis. 

The main result of the present experiments is, therefore, that 
in experimental liver injury by chloroform poisoning there is a 
marked increase in serum choline esterase activity accompanied 
by a simultaneous fall in serum albumin. As was pointed out 
above, this is quite contrary to the clinical findings, and seems 
therefore to throw doubt on the validity of some of the argu- 
ments hitherto brought forward in favour of the hypothesis of 
the liver as the place of origin of the serum choline esterase. How- 
ever, we do not by any means maintain that this hypothesis 
has been refuted by our experiments. It must be borne in mind 
that chloroform poisoning is a very complex phenomenon, and 
although it is generally conceded that the liver is the organ 
mainly affected, other tissues may be influenced as well. On the 
other hand, it should not be forgotten that for similar reasons liver 
diseases are probably processes of equally high complexity. How- 
ever, it may not be unsafe to conclude that the serum choline 
esterase activit}’- is not unambiguously determined by liver func- 
tion, and further, that the study of the variations of serum albu- 
min does not afford any immediate or obvious clue to the problem 
under consideration. Much further work is needed to clear up 
these questions. 


Summary. 

It is found in experiments on dogs, that the serum choline 
esterase activity increases in experimental liver injury by chlo- 
roform poisoning. The simultaneous variations in serum albumin 
and icterus index are studied. The relation of the results to pre- 
vious clinical work is discussed, and it is concluded that argu- 
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ments previously adduced in favour of the assumption that the 
liver is the place of origin of choline esterase, may need revision 
in certain respects. 
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In a previous paper (Hoffmeyer 1944) the cholesterol content 
in rabbit serum under normal and certain special conditions was 
investigated (anminia, inanition, ether narcosis, surgical opera- 
tions), and it was demonstrated that both daily bleeding with a 
decrease in htcmoglobin below 55 per cent and moderate reduction 
of food intake is followed by hjrpercholesterolemia, whereas 
neither ether narcosis alone nor ether narcosis combined with 
surgical operations corresponding to extirpation and transplanta- 
tion of adrenals seem to influence the serum cholesterol concentra- 
tion. 

In this paper it will be shown that adrenal cortex contains 
a factor wliich increases the cholesterol content in serum. 

Material and Technique. 

^\^litc rabbits wore used for the experiments, and the experimental 
conditions were as previously reported (Hoffjieyer 1944). 

Adrenalectomy is carried out by ventral laparotomy and in ether 
narcosis. The two adrenals are removed in two seances at an interval 
of 2 to 3 months. The operation lasts 15 — ^20 minutes. 

The transplantation i.s carried out with adrenals from young rabbits 
(500 to 1,500 g). 3 to 16 small adrenals (25 to 80 mg) almost cuttlirough 
are transplanted into the abdominal wall of each animal in 1 seance. The 
transplants are placed in small pocket-s subcutaneously, intermuscularly 
and preperitonaily. The operation takes place in ether narcosis and 
lasts for about 15 minutes. 

That the adrenal cortical liormone is really transferred by the trans- 
plantation technique employed, appears from the experiments men- 
tioned below on the influence of transplants on the survival of rabbits, 
which have been properly adrenalectomized (Table 1). In these animals 
the adrenals were removed at an interval of 3 days, andthetransplanta- 
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tion of small adrenals "was undertaken in the same seance as the first 
adrenalectomy. 

Table 1. 


Survival of Babbits after Bilateral Adrenalectomy and 
Adrenal Transplantation. 





Weight in 

g at 

Transplanted adrenals 

Adrenal 

Babbit 

No. 

Sex 

Time of 
survival 

Adrenal- 

ectomies 

Death 

Number 

Total weight 
(approximate) 

tissue 
left or 
accessory 




1st 

2nd 



mg 

adrenals 

377 

(? 

30 Days 
(killed) 

2720 

2640 

2620 

3 

240 

— 

388 

(J 

10 Days 

1660 

1435 

1030 

3 

240 

— 

400 

<? 

30 Days 
(killed) 

1950 

1810 

1810 

5 

400 

— 

404 

? 

11 Days 

2370 

2160 

1700 

10 

250 

— 

407 

<? 

30 Days 

(killed) 

2120 

1900 

1660 

5 

400 


Gonlrols 









391 

$ 

5^/i Days 

1920 

1560 

1340 

— 

— 

— 

392 


10 Hours 

2000 

1800 

— 

— 

— 

— 

394 


10 Hours 

1900 

1765 

— 

— 

. 

— 

396 


4 Days 

1920 

1640 

1360 


— 

— 

397 

<? 

13 Hours 

2080 

1880 

_ 




398 

<? 

10 Hours 

1950 

1870 

— 



+ 

399 

(? 

12 Hours 

1970 

1700 

— 

— 




406 


15 Hours 

1980 

1800 

— 

— 

— 

— 


In all animals a thorough post mortem examination was made concerning the 
presence of accessory adrenals or adrenal tissue left at the places of extirpation. 


As will be seen from Table 1, the survival time of the 5 rabbits, on 
which both adrenals were removed and into which new adrenals were 
transplanted, was 10 days or more, whereas the survival time of the 
8 control animals, which were subjected to bilateral adrenalectomy 
alone was bYa days or less. The conclusion appears to be that the 
adrenal transplants seem to possess a considerable adrenal cortical 
function possibly owing to preformed hormone in the transplants. 

The preparations used for injection experiments were 1) adrenal ex- 
tract, Ecortan (“MOO”) prepared from whole adrenals according to 
Swingle and Pfifpner’s method; this preparation was stated to have 
such a strength that a daily injection of Yi cc was able to keep 50 per 
cent of properly adrenalectomized rats alive, 2) adrenal extract (called 
preparation X by the author) prepared by “MCO” in exactly the same 
manner as Ecortan, but for some unknown reason unable to keep 
adrenalectomized rats alive, 3) synthetic cortical preparation, Ocriten 
(Bayer), which was stated to contain 5 mg desoxycorticosteronacetate 
(D. C. A.) dissolved in 1 cc of sesame oil. 

The cholesterol analyses were carried out according to Brun’s method 
(1935). The hmmoglobin concentration in blood was determined by the 
sicca-method (Hesse and Trier 1937), the cell volume of the blood 
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with C. M. VAN Allen’s method. The inaccuracy of all three methods 
was less than 2 per cent. 

I. The Ittfliience of Adrenal Transplantation on 
the Cholesterol Content in Serum. 

Reports on the influence of adrenal transplants on the serum 
cholesterol have not previously been given. 

In what follows (Table 2) are presented the results of such in- 
vestigations in the days immediately following the transplantation. 

Tahlo 2. 

The Scrum Cholesterol after Transplantation of Adrenals. 



Before 

transpl. 

Days 

■ 


After transplantation 
Days 




3 

2 

1 

: 


2 

3 

4 

5 

6 

7 

8 

9 

Babbit No. 362. 
Weight in g . . . . 
Food intake) 

2130 

2110 

2110 

jl930 

1975 

1990 

1980 

1980 

1970 




(Kohlrabi) r . . • 


400 

320 

I 290 

180 

250 

280 

300 

290 




in g ) 

Hmmoglobin % • 

70 

60 

61 

I 60 

60 

56 

55 

55 

54 




Totnlchol. mg% , 

Rabbit No. &53. 

35.0 

32.0 

33.7 

j30.l 

j 

{ 

37.0 

37.4 

44.5 

54.2 

49.7 




Weight in g . . . • 
Food intake 1 

2040 

2050 

2100 

*2000 

j 

2030 

1990 

2010 

2000 

1900 

1975 



(Kohlrabi) ? • • • 

400 

400 

400 400 

400 

400 

400 

400 

400 

400 



in g 1 




1 









Hromoglobin % . 

80 

72 

— 

I 75 

60 

65 

60 

58 

55 

50 



Totalchol. mg% . 

Rabbit No. 410. 

16.5 

20.O 

20.2 

jl8.2 

1 

37.5 

26.7 

44.5 

34,1 

29.3 

23.4 



Weight in g . . - . 

1990 

2100 

2060:2000 

2110 

2150 

2050 

2040 

2040 

2015 

2030 

2110 

Food intake) 












500 

(Kohlrabi) > - . . 
in g •) 

Hromoglobin % . 


500 

500,1 250 

1 

450 

370 

500 

420 

600 

460 

500 

67 

68 

70 

i 70 

60 

55 

55 

58 

55 

55 

50 

60 

Cell volume % . 

26 

26 

26 

25 

23 

22 

23 

23 

22 


22 

22 

Totalchol. mg% . 

22.3 

23,2 

19.8 

32.0 

33.1 

32.0 


45.9 


47.3 


40.3 

Rabbit No. 411. 
Weight in g . . . . 
Food intake 1 

1850 

1790 

1750 

1630 

1700 

1750 

1735 

1800 

1730 

1700 

1770 

500 

1775 

500 

(Kohlrabi ) > . . . 


500 

500 

50 

350 

375 

450 

500 

500 

500 

in g ) 

Hromoglobin % . 

80 

70 

68 

j 65 

66 

63 

62 

60 

60 

62 

60 

60 

Cell volume % . 

30 

29 

28 

27 

25 

25 

25 

25 

24 

26 

25 

25 

Totalchol. mg% . 

17.0 

16.G 

15.1 

i23.1 

24.C 

26.7 

21.5 

19.4 

22.9 

23.5 

22.2 

20.7 


In rabbit No. 362 and 353 16 small adrenals (approximate total weight; 400 
mg) were transplanted, in rabbit No. 410 and 411 3 big adrenals (approximate 
total weight: 240 mg) were transplanted. 


3 — Acta pliys. Scandinav. Vot. 10. 
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It will be seen from tbe table that after tbe transplantation a 
bypercbolesterolemia of somewhat varying strength appears. It 
begins on the 1st to the 4th day, reaching a maximum on the 
2nd to the 7th day, and has practically disappeared 7 to 8 days 
after the transplantation. The alterations in hEemoglobin per- 
centage, cell volume and intake of food show that it is possible 
to exclude unspecific causes of this hypercholesterolemia, and the 
hypercholesterolemia must thus have been provoked by the 
tissue transplanted. That the hypercholesterolemia is not due to 
the content of adrenal marrow or adrenalin in the transplants 
appears from Table 3, which contains the results of experiments 
with separate transplantation of cortex and marrow and of an 
experiment with daily injection of adrenalin. Only in the case 
of transplantation of adrenal cortical tissue was a hypercholes- 
terolemia demonstrated. 

Table 3. 


The Serum Cholesterol after Separate Transplantation of Adrenal 
Cortex and Marrotv and after Daily Injection of Adrenalin. 



t 

lefore 

ranspl. 

Days 

J 

4fter transplantatioi 
Days 

1 


3 

2 

1 

1 

2 

3 

4 

5 

6 

Babbit No. 323. 










Weight in g 

1610 

1630 

1600 

1590 

1505 

1530 

1540 

1555 

1520 

Pood intake (Kohlrabi) in g.. 


395 

400 

160 

250 

310 

390 

325 

400 

Hemoglobin % 

85 

83 

80 

80 

80 

72 

70 

62 

55 

Totalchol. mg % 

55.6 

60.0 

62.0 

104 

94.1 

89.3 

78.1 

65.5 

62.8 

Babbit No. 366. 










Weight in g 

1910 

1930 

1940 

1870 

1885 

1915 

1840 

1885 

1870 

Food intake (Kohlrabi) in g . . 


400 

400 

400 

400 

390 

390 

400 

400 

Hemoglobin % 

99 

95 

91 

80 

80 

78 

76 

65 

60 

Totalchol. mg % 

45.3 

49.3 

42.1 

46.6 

42.6 

38.1 

46.3 

51.9 

51.3 


JOA iciuuib xNu. oco tne cortical tissue oi xo small adrenals was tram 
In rabbit No. 366 the marrow of 16 small adrenals was transplanted. 


Babbit No. 312. 

Weight in g 

Food intake (Kohlrabi) in g 

Hemoglobin % 

Totalchol. mg % 
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II. The Influence on the Cholesterol Content in Seram 
of Adrenal Cortical Preparations. 

It has not been possible to investigate properly the influence 
of cortical extracts on serum cholesterol until SmNGLE and Pfiff- 
NEB in 1930 had prepared the first really useable cortical extract. 
The reports in the literature of the subject on the influence of 
the Swingle and Pfiffneb preparations on serum cholesterol 
are, however, scarce, and these works have led to widely dis- 
agreeing results; thus some authors (Thaddea and Fasshaueb 1936, 
Medvei 1935, Bauer and Buttu 1932) have found a cholesterol- 
decreasing effect, others (Mabanon and Collazo 1935, Bernhardt 
and Simpson 1932) a cholesterol-increasing effect, and still others 

Table 4. 

The Serum Cholesterol after Daily Repeated Injections of Adrenal 

Cortical Preparations. 



Before 

inject. 

Days 

During injections 

Days 


3 


II 

D 

2 

3 

4 

5 

6 

7 

Babbit Ifo. 312. 











Weight in g 


2500 




2465 



KliBl 


Hiemoglobin % 









55 


Injection of Ecortan ml . . 




2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

Totalchol, mg % 


22,1 

21.8 

35. c 


43.1 

49.2 

64.6 

56.5 

63.7 

Babbit Ifo. 853. 











Weight in g 

2350 

2285 





2220 




Food intake (Kohlrabi) in g 


400 

1^ J 


ifeTiiii 

■fiTi 





Hajmoglobin % 

88 

85 

■E 1 

■El] 

68 

65 

KqI 




Cell volume % 

3i 

30 


29 

27 

26 

23 




Injection of Ecorian ml . . 




4.C 

4.C 

4.6 

4.6 




Totalchol. mg % 

32.2 

34.5 

34.2 


52.5 

43.5 

49.1 




Babbit No. 415. 




I 







Weight in g 

EM 



IMI 

1715 



1780 

1780 


Food intake (Kohlrabi) in g 



1^1 

1^ 1 

glafl 



325 

Ego 


Hasmoglobin % 

82 


■K I 

w 1 

78 

75 

■El 

55 



Cell volume % 

23 


23 

23 

22 

21 

22 

20 



Injection of Ocrilen ml . . 




1 

1 

1 

1 

1 

1 


Totalchol. mg % 

28.6 

26.1 


32.3 




26.0 

34.6 


Babbit No. 333. 











Weight in g 

ms. 






2375 




Food intake (Kohlrabi) in g 



ileMt] 





l!! 



Hffimoglobin % 

85 

85 

83 

74 

60 



65 



Injection of Ocriten ml . . 




1 

1 

1 

1 

_ 1 



Totalchol. mg % 

42.2 

43.5 

43.5 

37.4 

42.3 

45.4 
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(Harbop, Pfiffner and Weinstein 1931) no effect at all of 
Swingle and Pfiffnbr preparations on the serum cholesterol. 

The author has investigated the question and carried out 
experiments with 2 adrenal extract preparations (Ecortan, prepara- 
tion X) and a synthetic cortical hormone preparation (Ocriten). 
After having shown in prel imin ary experiments that single injec- 
tions of Ecortan and Ocriten respectively did not involve altera- 
tions of the serum cholesterol content after a few hours, investiga- 
tions were carried out with daily injections during one week. 

The results of these experiments are given in Table 4, from which 
it appears that whereas daily injection of Ecortan causes hyper- 
cholesterolemia, Ocriten is without such an effect. 

It ought to be mentioned that the hypercholesterolemia was 
provoked by Ecortan doses (1 to 2' cc per kg body weight) which 
— ■ measured in relation to the life-sustaining effect — were much 
smaller than the doses of Ocriten employed. The hypercholes- 
terolemia appeared 1 day after the beginning of treatment with 
injections, reaching a maximum in 2 to 5 days, and kept fairly 
constant as long as the injections were continued. 

The above-mentioned results could be verified with the other 
cortical extract (preparation X) (Table 5), which for some reason 
or other was not able to keep adrenalectomized rats alive. 


Table 5. 

The Serum Cholesterol after Daily Repeated Injections 
of Preparation X. 


Babbit No. 424. 

Weight in g 

Food intake (Kohlrabi) in g . . 

Haemoglobin % 

Cell volume % 

Injection of Prep. X ml 

Totalohol. mg % 

Babbit No. 425; 

Weight in g 

Food intake (Kohlrabi) in g .. 

Haemoglobin % 

Cell volume % 

Injection of Prep. X ml 

Totalchol. mg % 


Before 

inject. 

Days 

During injections 

Days 

3 

2 

D 

n 


3 

4 

5 

6 



1660 

1700 



1640 

■ 

1650 



BSE 

385 


455 

Era 


440 

85 

85 

84 

74 

68 

65 

63 


55 

KTT 

29 

29 

26 

26 

25 

26 

26 

25 





2.5 

2.5 

2.5 

2.5 

2.5 

34.5 


32.3 

38.8 

46.8 

46.3 

48.8 

55.8 

64.4 

■ 

H 

2300 

2220 

■ 

1 


H 

2275 



500 

500 



375 



85 

75 


65 

65 

— 


58 


32 

32 


29 

27 

28 

27 

26 





6.6 


6.6 

6.6 

6.6 

6.6 

29.8 

31.3 

27.61 

32.8 

Enf} 

39.7 

ISM 

42.8 

42.9 












INFLUENCE OP ADRENAL CORTEX ON THE CHOLESTEROL CONTENT. 37 

In consequence of experiments undertaken — as unspecific 
causes seem to be excluded — it must be supposed that Ecortan 
contains a substance which increases the cholesterol content in 
serum, and that this substance is not identical with the life- 
preserving cortical hormone desoxycorticosteronacetate. 

ni. The Influence of Adrenalectomy on the Cholesterol 

Content in Serum. 

Several authors (Chaupfard and Grigaut 1914, Rothschild 
1915, Landau and McNee 1914, Hueck 1914, Thaddba and 
Fasshauer 1936) state that adrenalectomy is followed by hyper- 
cholesterolemia, whereas other authors (Baujiann and Holly 
1923, Randles and Knudson 1928, Silberstein, Wachstein 
and Gottdenker 1932) found no change in serum cholesterol 
after adrenalectomy. 


Table 6. 

The Serum Cholesterol after Bilateral Adrenalectomy, 



Before 











adrenal- 



After adrenalectomy 




ectomy 





Days 







Daj’fl 

{ 

1 











3 

2 

n 

D 

2 

3 

4 

5 

6 

7 

8 

9 

Babbit Jio. 378. 













1st Adrenal- 













edomy 













Weight in g 


2040 

2050 

2150 


1950 

2010 

1900 

atiiBi 

2070 


MiKBl 

Food intake] 













(Kohlrabi) L . . . 


445 

500 

170 

B 

450 

550 

500 

■ami 

500 

imig 

■ami 

in g j 













0.3 % NaCl ml. . 

0 

0 




75 

0 



0 


HD]| 

Hfflmoglobin %.. 

85 

82 

85 

i 75 

63 

60 

■Hll 

62 

55 

55 

58 

65 

Cell volume % . . 

35 

35 

33 

ms 

29 

29 

29 


26 

25 

28 

|Kiy{ 

Totalchol. mg%. . 

33.4 

41.G 

39.C 

39.8 

34.5 

35.4 

32.3 

33.8 

35.1 

37.7 

38.G 

35.8 

2nd Adrenal- 













eclomy 













Weight in g 

2450 

2400 

2375 



2375 


2220 


2190 

2120 

2190 

Food intake) 













(Kohlrabi) >.... 


500 

B 

m 




B 

KiPl 

500 

280 

500 

in g j 













0.9 % NaCl ml. . 

0 

0 



mm 

Kn] 

75 

■Bin 


90 



Hasmoglobin 

90 


85 

85 

82 

80 

75 

63 


60 


58 

Cell volume % . . 

34 

32 

28 

29 

28 

28 

25 

22 

21 

21 

19 

20 

Totalchol. mg%. . 

19.8 

19.5 

20.8 

21.2 

27.C 

27.1 

24.0 

23.9 

45.2 

48.7 

43.5 
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Before 











adrenal- 



After adrenalectomy 




ectomy 





Bays 





Days 












3 

2 

1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Rabbit No. 375. 













1st Adrenal- 













eclomy 













Weight in g 

2505 

2465 

2375 

2350 

2330 

2300 

2350 

2280 

2370 

2360 

2380 

2430 

Food intake) 













(Kohlrabi) > . . . . 


500 

500 

400 

465 

450 

500 

500 

500 

500 

500 

500 

in g 1 













0.9 % KaCl ml. . 

0 

0 

0 

50 

90 

75 

0 

0 

0 

0 

0 

0 

Hremoglobin %. . 

85 

80 

80 

78 

60 

60 

58 

55 

55 

58 

55 

60 

Cell volume % . . 

34 

33 

31 

30 

29 

29 

29 

30 

29 

27 

27 

27 

Totalchol. mg%. . 

21.4 

27.8 

29.8 

29.8 

26.3 

26.0 

27.5 

29.6 

33.4 

33.1 

33.4 

32.4 

2nd Adrenal- 













ectomy 













Weight in g 

2610 

2630 

2595 

2540 

2500 

2420 

2335 

2250 

2270 

2270 

2260 

2350 

Food intake) 













(Kohlrabi) >.... 


500 

500 

0 

0 

0 

40 

65 

65 

420 

420 

500 

in g J 













0.9 % NaCl ml. . 

0 

0 

0 

20 

50 

50 

50 

75 

25 

0 

0 

0 

Hsemoglobin %.. 

78 

75 

75 

72 

68 

65 

68 

70 

70 

68 

65 

60 

Cell volume % . . 

30 

29 

26 

24 

22 

22 

22 

24 

22 

24 

22 

22 

Totalchol. mg%. . 

21.6 

20.6 

23.1 

38.3 

40.1 

48.9 

55.3 

63.6 

68.4 

68.8 

115 

105 

Rabbit No. 382. 













1st Adrenal- 













ectomy 













Weight in g 

2565 

2565 

2580 

2550 

2460 

2445 

2475 

2480 

2490 

2450 

2360 


Food intake) 













(Kohlrabi ) > . . . . 


500 

500 

400 

365 

450 

500 

500 

500 

500 

500 


in g ) 













0.9 % NaCl ml.. 

0 

0 

0 

75 

60 

75 

75 

100 

0 

0 

0 


Hremoglobin 

80 

82 

82 

78 

75 

70 

65 

65 

70 

65 

62 


Cell volume % . . 

34 

33 

32 

26 

25 

26 

26 

24 

24 

26 

27 


Totalchol. mg%. . 

28.9 

30.5 

33.7 

39.9 

29.7 

29.2 

57.9 

57.4 

44.6 

53.8 

48.0 


2nd Adrenal- 













ectomy 













Weight in g 

2860 

2810 

2720 

2750 

2725 

2640 

2570 

2540 

2625 

2625 

2620 


Food intake) 













(Kohlrabi) > 


500 

500 

0 

100 

170 

270 

385 

385 

430 

450 


in g j 













0.9 % NaCl ml.. 

0 

0 

0 

100 

100 

75 

25 

85 

100 

0 

0 


Hsemoglobin %. . 

72 

75 

80 

78 

65 

65 

60 

62 

60 

58 

55 


Cell volume % . . 

25 

26 

30 

30 

25 

26 

25 

25 

24 

23 

26 


Totalchol. mg%. . 

22.4 

26.9 

22.9 

27.3 

26.5 

32.4 

35.1 

56.3 

57.9 

61.6 

42.3 



All 3 rabbits survived the adrenalectomies. The post mortem examination: 
small cortical rests on the places of extirpation or small accessory adrenals 
were demonstrated in all three cases. 
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It appears, however, from the literature referred to, that most 
of these investigations have been carried out not considering that 
several previously mentioned factors (ansemia, hsemoconcentra- 
tion, inanition) may have interfered with the experimental results. 

In Table 6, given below, are presented the results of some 
investigations in which hemoglobin percentage, cell volume, 
food intake and body weight of the animals have been carefully 
followed, and simultaneously it has been tried to avoid any 
anemia of importance, and by addition of 0.9 per cent NaCI- 
solution to the drinking-water an attempt has been made to sustain 
the appetite and food-intake of the animals in connection with 
the adrenalectomy. The two adrenals were removed at an interval 
of 2 to 3 months. 

As will be seen the table includes 3 rabbits for which the chol- 
esterol level has been examined after successive removal of both 
adrenals. In all cases no rise or only a small increase in the serum 
cholesterol values after the 1st adrenalectomy was found, but 
after the 2nd adrenalectomy hypercholesterolemia appeared; 
this hypercholesterolemia, however, in 2 of the 3 animals did not 
begin until after some days, i. e. someAvhat delayed compared with 
the findings of earlier authors. It appears from the table that 
the hypercholesterolemia observed could not be explained as a 
result of anamia or hoemoconcentration, but very likely as a 
result of inanition, as it was not possible — in spite of the addition 
of NaCl — to avoid a quite considerable decrease of food intake 
and body weight after the 2nd adrenalectomy. 


Discussion. 

The statements reported concerning the influence of adrenal 
cortex on the cholesterol concentration in serum are so con- 
tradictory that new investigations in this field are desirable. 

The results presented in this paper indicate, that transplanta- 
tion of adrenals causes hjqjercholesterolemia, and that this 
hypercholesterolemia is due to a hyperfimction of the adrenal 
cortical tissue through a delivery of cortical hormone from the 
transplants. — Injection of an adrenal cortical extract of the 
SvTNGLE and PFiFFNER-t)’pe (Ecortan) causes a similar hyper- 
cholesterolemia, and we must therefore be justified in supposing 
that both cases are due to the effect of the same factor (hormone) 
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in the adrenal cortex; this factor does not seem to be identical 
with desoxycorticosteronacetate. 

The presence of a serum cholesterol increasing factor in adrenal 
cortex has not been previously established, although a few authors 
(Maeaxon and Collazo 1935, Beenhaedt and Simpson 1932) 
in brief experiments state that they have found a similar effect 
of a SAviNGLE-PriFFNEE-preparation. In this connection it 
ought to be mentioned that in Morbus Cushing a hypercholes- 
terolemia has been described together with adrenal hyperplasia 
(Eutishauee 1933, Menzel 1934, Eaab 1938). 

It has not been possible to solve the problem of the influence 
of the adrenal cortex function on serum cholesterol by means of 
the adrenalectomy experiments undertaken, but the experiments 
have shown that it cannot with certainty be excluded that the 
hypercholesterolemia demonstrated by earlier authors is an un- 
specific symptom. 

Summary. 

The cholesterol content has been determined in the serum of 
rabbits after transplantation of adrenals, injection of adrenal 
cortical preparations and removal of one or both adrenals. In 
special experiments it could be demonstrated that adrenal 
cortical hormone was really transferred by the transplantation 
technique employed. After transplantation of adrenals and after 
injection of adrenal cortical extract of the Smtngle-Pfiffnee- 
type a hypercholesterolemia could be demonstrated, as an expres- 
sion of the presence of a hormone with cholesterol-increasing effect 
in the adrenal cortex; this hormone is not identical with desoxy- 
corticosteronacetate. After adrenalectomy no certain alterations 
in the serum cholesterol, corresponding to decreased or excluded 
adrenal cortical function, could be demonstrated. 
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The estimation of very small quantities of citric-acid (in the 
following abbreviated "Ci”) in biological fluids was not possible 
till Thunberg (1929) had published his enzymo-chemical method 
of estimating Ci. The method is assumed to be known, and no 
detailed description will be given here, only a few introductory 
words and the terminology. 

The phosphate extract of cucumber-seed, the "enzyme solution”, 
does not only contain Ci dehydrogenases, but also other dehydro- 
genases and their substrates, the "spontaneous donors”. In the 
reaction process a distinction is therefore drawn between "Ci- 
activity” and "spontaneous activity”. The shape of the Ci-curve 
is determined by a concurrence of these two factors. The curve 
consists of a horizontal part, the "level line”, and an "ascending 
leg”. The point where the ascending leg leaves the level line is 
called the "contact point”. The "X-curve”, i. e. the curve for the 
"X-solution” in which the Ci-content is unknowm, is compared to 
the "standard curve”, i. e. the curve for the "standard solution”, 
in which the Ci-content is known. Thueberg’s original and still 
most commonly used method of estimating the Ci-value is based 
on the supposition that equal quantities of Ci correspond to 
equally long decoloration-times in the X- and standard curves. 
If this supposition were literally valid, the X- and standard curves 
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would be congruous when the Gi-content is equally great in the 
X- and standard solutions. But, worMng with biological fluids 
one finds that the curves, as a rule, are incongruous even in those 
cases, where the Ci-content, calculated as a mean value of several 
test-tubes of the X-curve, is the same in the X- as in the standard 
solutions. 

The said incongruity lies in the fact that the level line lies on 
a higher plane in the X- than in the standard curve, and that 
the tubes with a smaller quantity of X-soIution are decoloured 
relatively quicker than the corresponding tubes in the standard 
series. This implies that the X curve slopes more steeply towards 



Fig. 1. Estimation: The yield of the tube •with 0.2 ml is calculated for undiluted 
serum 39.00 //ml of Ci, 0.3 — 32.00, 0.4 — ^29,25, 0.5 — ^25.20, O.C— 22.50 //ml. 

the ordinate and that one, when estimating the Ci-value for each 
separate tube in the X-curve, gets a relatively smaller yield from 
a bigger quantity of X-solution, and a relatively bigger yield, 
the smaller quantity of X-solution a tube contains. The pheno- 
menon is called the "systematic deviation of the X-curve”, in 
German "Gang” [Sjostrom (1937)]. This incongruity of the 
curves does not assert itself so clearly when the object of the 
examination is urine [Ostberg (1931)]. In blood serum tests 
the phenomenon appears regularly, and has often a disturbing 
effect by introducing a certain insecurity in the estimation, fig. 1. 

It seemed natural to assume that the systematic deviation was 
due to the fact that the examined fluid (urine, blood serum) 
contains substances that retard or accelerate the reaction. The 
retarding or accelerating influence on the reaction in solutions 
with known Ci-content of a great number of mineral salts and 
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organic matters has been studied by Thunberg (1929), Ostbbrg 
(1931, 1934), Schersten (1932), Nordbo and Schersten (1932). 
Lenner (1934) and Gronvall (1937). It became evident that the 
substances which affected the reaction were not found in blood 
serum in such quantities, that they could considerably influence 
the process. It has however been generally accepted that the 
systematic deviation must be due to the action of retarding or 
accelerating substances in the biological fluid to be examined. 
Thunberg (1933) assumed the existence of retarding substances. 
OsTBERG (1934) pointed out that the influence of these substances 
on the curve a priori makes it most unlikely that a value in the 
middle of the curve would be the correct one. Having closely 
studied the character of the Ci-curve, Lenner (1934) observed 
that it is easy to understand that the laws of the course of the 
curve are difficult to find, as all the factors which influence the 
course of the curve vary in an uncontrollable manner and influence 
each other mutually. Martensson (1940) has also been working 
on this problem, and he thought the main cause of the systematic 
deviation to be that the serum, except Ci, contains other sub- 
stances serving the dehydrogenases of the enzyme solution as 
donors; these small quantities of other donors would be more 
effective higher up on the curve, where the Ci-quantity is smaller. 
He also assumed a retardation in the lower part of the curve. The 
hydrogen-ion concentration of the examined fluid has also been 
proved to affect the process, Ostberg (1931), Andersson (1938). 
Martensson (1940) however arrived at the conclusion that the 
existent variations in pH in blood serum do not affect the de- 
coloration -time. 

Among the factors which exclusively affect the reaction in the 
X-curve without being active in the standard solution, the in- 
fluence of the colloid-content in the X-solution has not earlier 
been systematically examined, neither has the effect the serum 
colloids can be thought to have on the process been clearly stressed. 
It is, however, evident that the presence of 0.2 — 0.6 ml serum, 
respectively serum dilution, in a total fluid amount of 2.0 ml per 
tube in the X-series, through its colloid-content must affect the 
reaction differently than the aqueous solution of crystalline Ci, 
used in the same quantities in the standard solution. The colloida 
enzyme solution is added to all tubes in equal quantity, and can- 
not affect the reaction differently in the X-curve than in the 
standard curve. 



thdnbbrq’s method of estimating citric acid. 45 

In an earlier work [Hagelstam (1944)], the author has shown 
that a G % solution of albumen ovi pulverisatum causes a system- 
atic de%nation which completely corresponds to that caused by 
serum. The observation led to -the following attempt to find a 
general rule for the influence of the colloid content on the system- 
atic deviation. 


Metliodics. 

The Ci-determination has been made according to the method cur- 
rently used in Lund. 

The enzyme: Seed of the cucumber "Muromska”, Swedish state 
control I class, power of germination 99 %, from OY Bjorkiund AB, 
Helsingfors, was u.scd- The seeds were manually shelled and placed in 
open glass for 24 hours. They were then manually pounded in a mortar; 
the degree of crushing was kept as constant as possible throughout the 
whole of the test scries. For the extraction 0.87 % KiBDP 04 was used, 
in proportion 1 gr shelled cucumber-.seed per 7 ml of phosphate solution. 
The mi.xture was kept over night in refrigerator and was, when used, 
16 — 22 hours old. After 20 min. centrifuging the clearer middle layer 
was separated and cooled in a glass in ice-water in a dark cupboard for 
30 min., after which the enzyme was ready for use. 

Methylene blue: The original solution 1 : 5,000 was made with distilled 
water, the diluted solution 1 : 50,000 was every day prepared in the 
same manner. 

Diluted Ringer solution: 8.5 gr HaCl, 100 mgr CaCl, and 75 mgr KCl 
per 3,000 ml distilled water was used for preparing the X- and 
standard solutions. 

The tests were carried out in constant electric light from 4 lamps 
attached to a stand 1.3 m from the watei-bath. The temperature of 
the water-bath was kept constantly at -{-35'’ C. The atmospheric pres- 
sure in the tubes was 3 — i mm Hg after the evacuation. The tubes were 
alternately evacuated in the X- and standard series, beginning from 
the tubes with the smallest Ci-value. 

By minute observ^ation of these rules stability was obtained in the 
enzyme and generally in the reaction process, throughout the whole 
test series. The level line of the standard curve stayed at 14 — 15 min. 
and the spontaneous decoloration time at 80 — 100 min. The contact 
point lay at O.g ml in both the X- and standard curves. 

A number of solutions of Albumen ovi pulverisatum, Guinmi arahicuin 
and gall of swine were used in studying the influence of the colloids on 
the reaction. By the Thunberg method Ci could not be proved in a 
3 % solution of alb. ovi pulv, or in a 2 % .solution of gummi arab. By 
the pentabromacetone method, as modified by Pucher, Sherman and 
Yickery, it was established that gall of swine does not contain Ci, 
neither could the presence of Ci in 10 % solutions of alb. ovi pulv. or 
gummi arab. be detected by the same method. 
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Diluted Ringer solution was used in preparing the different colloidal 
solutions; to them was added 10 ylm\ of Ci. These colloidal solutions 
with known Ci-content were used as X-solutions and compared to the 
standard solution (10 y/ml of Ci), when the Ci-yield of each tube in the 
X-series could be determined. In these experiments could further 
the amount of X-solution, which theoretically ought to have given the 
quantitatively right yield (10 y/mJ), be read directly off the curve; 
this amount corresponding to the point of the X-curve, where the X- 
and standard curves are on the same distance from the ordmate. At 
each experiment the Ci-yield was calculated for the tubes with 0.2, 
0.3, 0.4, 0.5 and 0.6 mi of X-soIution, tube by tube. Then the yield was 
calculated as a mean value of the following combinations of tubes: 
1) 0.2, 0.3. 2) 0.2, 0.3, 0.4. 3) 0.2, 0.3, 0.4, 0.5. 4) 0.3, 0.4. 5) 0.3, 0.4, 
0.5. 6) 0.3, 0.4, 0.5, 0.6. 7) 0.4, 0.5. 8) 0.4, 0.5, 0.6. 9) 0.5, 0.6, that is, of 
all existing combinations of 2, 3 or 4 tubes following each other in the 
series. The average of the obtained values was calculated in. every 
series of tests. The average of the time values for the level lines were as 
well calculated in every test series, after which the figure for the expres- 

the level of the X-curve . . hi.? 

Sion -T — ^ T — r — , m the followmg called the 

the level of the standard curve 

level quotient, was calculated from the above mentioned mean value of 
the time values. 


Own Researches. 

Albumen Ovi Pulverisatum, Gummi Arabicum and Gall of 
Swine as Causes of Systematic Deviation. 

In the following report and in the tables 1 — 4 all figures on the results 
are means of the values found in the respective tests series. 

Of Albumen ovi 'pulverisatum two different preparations were 
used, viz. "Schering-Eahlbaum” and "Dr. Theodor Sohd- 
CHAEDT, Grorlitz”, the former in concentration 6 : 100 and 3 : 100, 
the latter in concentration 6 ; 100 (v. table 1). 

The preparation Albumen ovi pulverisatum "Schering-Kahl- 
BAUM'^ in concentration 3 : 100 proved itself in 10 tests to be ihe 
cause of a considerable systematic deviation. The yield of the 
tube with 0.3 ml of Ci-albumen solution was 13.43 y/ml of Ci, in- 
stead of 10 y/ml, that is 34.3 % too big. In the tube with 0.4 ml 
the yield was 18.8 % and in the tube with 0.5 ml 5.8 % too big, 
while the yield of the tube with 0.6 ml was 5 % too small. On an 
average the level line of the X-curve was at 17.7 min., that of 
the standard curve was at 15.4 min., which implies the level quo- 
tient 1.16. The right yield 10 y/ml would theoretically have been 
obtained from a tube with 0.56 ml of Ci-albumen solution. Of all 
the different mean values of the yield of 2, 3 or 4 consecutive 
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tubes the average for the tubes with 0.5 and 0.6 ml proved them- 
selves to give the best value, 10.04 yjml, the result being only 
0.4 % too big. 

5 tests were made with the same preparation in concentration 
6 : 100. The yield of the tube with 0.3 ml of Ci-albumen solution 
was now 43.3 % too big, and that of the tube with 0.6 ml 8,3 % 
too small. This stronger concentration showed a higher level line, 
the level quotient being 1.21. The theoretically correct yield ought 
to have been found in a tube with 0.53 ml, and the best mean value 
was actually calculated from the tubes with 0.5 and 0.6 ml, it 
being 9.81 y/ml or 1.9 % too small. 

We find consequently that the more concentrated albumen 
solution, in spite of having the same Ci-content, shows a higher 
level line and a greater systematic deviation. By increased albu- 
men content the X-curve is turned in towards the ordinate, and 
the curves of these albumen solutions with different concentrations 
intersect at a point where the right Ci-yield 10 y/ml is to be found, 
that is at 0.53 — 0.55 ml of Gi-albumen solution. For further 
particulars see the tests with gummi arab. 

The preparation Alb. ovi pulv. "Dr. Theodor Schuchardt, 
Gorlitz^" in concentration 6 : 100 proved itself in 5 tests to have, 
to a certain extent, different properties than the same concentra- 
tion of the "ScHERiNG-KAHLBAtTM” preparation. A systematic 
deviation was clearly evident, but there was an obvious difference 
in degree. From the tube with 0.3 ml was now obtained a yield 
that was only 8.6 % too big, while that from the tube with 0.6 ml 
was 13.3 % too small. The point of the right value had in con- 
formity to this moved higher up on the curve, and lay at the theo- 
retical amount of 0.43 ml. The level quotient was 1.25. The best 
yield was calculated from the tubes with 0.4 and 0.5 ml and was 
only 0,3 % too small. 

As no analysis was made of the two albumen preparations as to 
their content of water, mineral salt etc,, it would be difficult 
to point out the cause of this difference in their influence on the 
reaction. But, taking the following into account, it is not un- 
warranted to assume that the difference in influence on the pro- 
cess was due to quantitative or qualitative differences in the 
colloids, depending on differences in the production. 

With gummi arab. 60 tests in all were made, 10 tests with each 
of the concentrations 0.13:100, 0.25: 100, 0,50 : 100, 1:100, 

2 : 100 and 3 : 100 (v. table 2). 
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Wiile the yield of the tube with 0.2 ml at the concentration 
0.13 ; 100 was 14.3 % too big, it was 31 % too big at the con- 
centration 3 : 100. At the same concentrations the yield of the 
tubes with 0.6 ml was 17.7 %, respectively 37.6 % too small. 
By rising colloid concentration the yield of the tube with 0.2 ml 
increased. The yield of the tube with 0.3 ml showed no clear ten- 
dency to in- or decrease, while the yield of the tubes with 0.4, 0.5 
and 0.6 ml diminished by a rising colloid content. 

From the table can be seen that a rising concentration of 
gummi arab. causes an increase of the systematic deviation. 
A turning of the curve towards the ordinate takes place at the 



Fig. 2. 10 //ml of Ci in Gummi arab.: A 2 %, B 1 %, C 0.5 %. 

same time as the level line rises, the turning happens about a 
point within the range of the theoretically right yield, which at 
the concentration 3 : 100 was at 0.32 ml. This is illustrated by 
fig. 2. 

The best mean value from several consecutive tubes was 
obtained at the concentrations 0.13 : 100, 0.25 ; 100 and 0.50 : 100 
from the combination 0.3, 0.4 and 0.5 ml. At the concentrations 
1 : 100, 2 : 100 and 3 : 100 the best mean value was obtained from 
the combination 0.2, 0.3, 0.4 and 0.5 ml. Calculated in this manner 
the yield was remarkably exact, we find the biggest error at the 
concentration 0.5 : 100, where it was 1.7 %. At the concentration 
0.13 ; 100 the error was only 0.2 %. We find that the level quotient 
in those cases, where the best yield was obtained from the com- 
bination 0.3, 0.4 and 0.5, was between 1.38 and 1.70, while it in 
those cases, where the best yield was obtained from the com- 



thunberq’s method op estimating citric acid. 51 

bination 0.2, 0.3, 0.4 and 0.5, was between 1.73 and 2.33. The 
exact yield was tbeoretically obtained, at the concentration 

0.13 : 100 and tbe level quotient 1.38, of 0.38 ml, while the cor- 
responding point at the concentration 3 : 100 and the level quo- 
tient 2.33 lay at 0.32 ml. It has consequently been shown also in 
the tests with gummi arab. that an upward displacement of the 
level line involves a displacement of the point for the exact yield 
in the same direction on the curve. 

Gall of sivine was used in the concentrations 1 : 3,000, 1 : 2,000, 
1 ; 1,000, 1 : 500 and 1 : 100 (v. table 3). With each of these solu- 
tions 5 tests were made. In concentration 1 ; 3,000 gall of swine 
gave a fairly insignificant deviation of the curve, the yield of the 
tube with 0.2 ml being only 8 % too big, while the yield of 0.6 ml 
was 2.8 % too small. The level quotient was on this occasion as 
small as 1.06 and the point for the exact yield lay as low down on 
the curve as at 0.55 ml. At the concentration 1 : 100 the highest 
and lowest points on the curve showed, as a consequence of the 
greater systematic deviation, considerable errors in the calculated 
yield. From the tube with 0.2 ml was now obtained a yield which 
was 25 % too big, from the tube with 0.6 ml, on the other hand, 
a value which was 34.6 % too small. The level quotient was now 
at 1 .94 and the point for the exact yield lay as high up on the curve 
as at 0.34 ml. Consequently the results tend in the same direction 
as the tests on albumen and gummi arab. In all tests we find a 
distinct systematic de^dation which increases with the colloid 
concentration, at the same time as the level line rises and the 
point for the exact yield is displaced upwards on the curve. 

Ooncluswjis: 

1. Colloidal solutions cause a systematic deviation of the 
Gi-curve. 

2. Different colloids in the same concentration cause devia- 
tions of unequal strength. 

3. If the concentration of a given colloid is increased, the level 
line and the point for the theoretically correct yield are displaced 
upwards on the curA>'e. at the same time as the systematic deviation 
increases. 

4. The systematic deviation of the Ci-curve is due to an 
acceleration of the reaction process in the upper part of the curve 
and a retardation in its lower part. When the systematic deviation 
increases, the curve turns about a point that lies between 0.30 
and 0.55 ml, if the contact point lies at 0.6 ml. 



Table 8. 

Experiments on gall of swine. 
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The Level Quotient and the Ci-jdeld. 

If the material now is arranged according to the magnitude of 
the numeral value of the level quotient an interesting fact will 
appear (v. table 4), A certain colloid in weak concentration may 
have as great an influence on the height of the level line and the 
level quotient as a more than 100 times more concentrated solution 
of another colloid. Alb. ovi pulv. "Scherinc-Kahlbatoi” in con- 
centration 6 : 100 gives e. g. a lower level quotient than gall of 
swine in concentration 1 : 2,000; the difference in the content of 
dry substance of the solutions is in this case much greater even 
than what is shown by the numeral value of the concentra- 
tions. 

As the point for the exactly right yield by a rising level quotient 
is displaced upwards on the curve, it is to be expected that the 
best mean value for the yield from consecutive tubes will be 
obtained from tubes witn smaller amount of X-solution, the higher 
the level line of the X-curve lies. This is also the case. In the table 
the combinations of tubes whose mean value came nearest to the 
correct value (lOy/ml) have been marked by horizontal lines. We 
find that by a rising level quotient also this best combination is 
successively displaced upwards on the curve. If the level quotient 
is small, 1.06 — 1.21, the mean value for the tubes with 0.5 and 0.6 
ml gives the best yield. By a level quotient of 1.24 — 1.25 the best 
mean value is obtained from the tubes with 0.4 and 0.5 ml. If 
the level quotient is between 1.38 and 1.70, the mean value for 
the tubes with 0.3, 0.4 and 0.5 ml is the best. If the level quotient 
rises to 1.73 — 2.33, the mean value must be calculated from the 
tubes with 0.2, 0.3, 0.4 and 0.5 ml, to be as exact as possible. It 
is remarkable that, in spite of a considerable systematic deviation 
the yield, by observation of this rule, comes so near the correct 
one in all of the 14 test series. On an average the error was 0.81 %, 
and in no case it was bigger than 1.9 %. 

Conclusion: "When working on colloidal solutions, the numeral 
value of the level quotient determines which tubes ought to be 
used for calculation of the Ci-value. By a rising level quotient the 
best combination of tubes is regularly displaced upwards on the 


curve. 



Table 4 . 

Estimation of the Ci-value with consideration of the level quotient. 
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Is the Systematic Deviation Influenced by Changes 
in the Colloidal Properties of a Given Colloid? 

IIa\dng found that the nature of the colloid that causes the 
systematic deviation is of the greatest importance as to the degree 
of the de\dation, the height of the level line and the level quotient, 
it may be of interest to investigate whether changes in the com- 
position of a given colloidal solution affect the above mentioned 
phenomena in the curve. As material for these tests vital albumen 
of hen’s egg was chosen. Thunberg (194:1) has proved that the 
albumen of hen’s egg contains about 10 y/ml of Ci. The albumen 
was therefore used in undiluted form. Changes in the colloidal 
composition of the albumen of hen’s egg were brought about in 
two ways: 

1. by heating to 63.0 — 63, 5® for 30 min., whereby a distinct 
opalescence could be observed, 

2. by freezing in liquid air. 

The opalescence observed after the heating implies a change in 
the colloidal composition of the albumen. The freezing of a col- 
loidal solution causes a change from a sol- to a gel-state, as 
has been pointed out by Schade (1923). That these manipulations 
of the material to be tested really affected the degree of the 
systematic de%’iation is shown in table 5. In both cases the 
degree of the deviation was augmented and the lowest point of 
the curve was displaced upwards. 

Conclusion: The systematic deviation is affected as to its degree 
by changes in the colloidal properties of the tested material. 


Is the above Stated Buie for Estimating the Ci-value 
of Colloidal Solutions Valid also for Serum? 

When estimating the Ci-content of blood serum by the Thun- 
berg method, one must ask oneself, whether the value obtained 
really expresses the pure Ci-content. Two factors ought then to 
be taken into consideration. It is likely that, together with Ci, 
also the iso-citric acid and the cis-aconitic acid are determined 
by the method, Breusch (1937), quoted Martensson (1940). 
Investigations into the ratio of these acids to Ci in tissues has 
shown that 75—90 % consist of Ci, Breusch (1937), Martius 
(1938), Johnson (1939), quot. MIrtensson (1940). In 13 estima- 
tions of Ci in serum from arterial blood MIrtensson (1940) 
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found that the pentabromeacetone method, as modified bj 
PucHER, Sherman and Vickery (in the folloudng abbreviated 
PSV), gave, on an average, a 16.5 % smaller Gi-yield than Thun- 
berg’s enzjjnic methoo. In 6 parallel estimations with venous 
blood, JoSEPHSON (1941) found with the PSV method on an 
average 25.5 y/ml, with the Thunberg method on an average 
23.9 y/ml (the average is calculated by the author from Joseph- 
son’s figures), hlo other comparati%'e researches on serum are 
known to me. 

Secondly, Ci used in the standard solution is weighed together 
vith its crystal water, which is 8.57G % of the weighed Ci-amount. 
The figure obtained as an expression for the Ci-content in serum 
ought consequently to be too big, estimated as water free Ci the 
right value would be 91.424 % of that read off the curve. But 
Thunberg (1936) has pointed out the possibility of the natural 
form of Citric acid being an ortho-acid and of the water, Avhich 
is usually considered as crystal water, being intra-molecularly 
bound. If this were the case, the estimated Ci-value would be 
correct, with exception of an error caused by eventual presence of 
iso-citric acid and cis-aconitic acid. In the chemical PSV method 
we have a possibility of determining the Ci-content in blood se- 
rum, without the result being influenced by the above mentioned 
factors. 

In order to get a conception of whether the Thunberg method 
actually gives as exact a result when working with blood serum 
as ^vith artificial colloidal solutions, 14 parallel estimations of 
Ci in blood serum were made with the Thunberg and PSV 
methods. To avoid eventual errors caused by unsuitable dilution 
of the serum tests, the Ci-content of the serum tests was first 
determined according to PSV, after which the dilutions for the 
Thunberg tests were made so that the X-soIution contained as 
exactly as possible 10 y/ml of Ci. The result is shovm by table 6. 

Although the Ci-content in the serum dilutions is almost exactly 
10 y/ral, the X-curves often show rather a high level line in rela- 
tion to the standard curves, the level quotient often rising above 
2. The expression used by Sjostrom (1937), "sera with high level 
line”, is consequently justified. The Ci-yield is indicated in the 
table as calculated for undiluted serum. We find that the system- 
atic deviation is great in all the examined tests. This does not 
prevent that the Ci-content according to Thunberg and accord- 
ing to PSV shows an astonishing agreement. 



Table 6, 
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If all the 14 tests are taken into account, the mean value for 
the Ci-content according to Thtjnberg, calculated from the tubes 
with 0.3, 0.4 and 0.5 ml, is 0,429 y, or 2.119 % smaller than the 
mean value according to PSV, while the value according to 
Thunberg, if calculated with consideration of the level quotient, 
is 0.143 y, or 0.706 % bigger than what it is according to PSV. 
If only the eight tests are taken into account, in which we find 
a difference between the Thdnbbrg values calculated in these 
two different manners, the following result is arrived at. The mean 
value for the Ci-content according to Thunberg, calculated 
from the tubes with 0.3, 0.4 and 0.5 ml is 0.850 y, or 4.301 % 
smaller than the mean value according to PSV, while the value 
according to Thunberg, if the level quotient is considered, is 

0. 026 y, or 0.131 % bigger than what it is, if determined accord- 
ing to PSV. It has been pointed out that, in order to get the best 
value, one ought to estimate the Ci-content from the tubes nearest 
the contact point, Ostberg (1934), MIrtensson (1940), But it 
is fully evident that, in order to get the result as exact as possible, 
the level quotient is to be taken into consideration. In these 8 
tests the difference between the Ci-value according to Thunberg 
and according to PSV is nearly 30 times bigger, if the Ci-value is 
stereotypically calculated from the tubes with 0.3, 0.4 and 0.5 rbl 
of serum solution, than if the level quotient is taken into account. 
In whichever way the Ci-value was calculated in the Thunberg 
tests, the correspondence between the Ci-values according to 
Thunberg and according to PSV was remarkably good. As in 
these parallel tests the serum dilution in the Thunberg tests 
was made so that the X-solution actually contained very nearly 
10 y/ml of Ci, and considering the exact yield that was obtained 
from the artificial colloidal solutions, I am inclined to assume 
my results to be correct. Larger tests series must give the proof. 

Everyone who has been working on Ci-estimations according 
to Thunberg’s method knows that the X-solution (the serum 
dilution) ought to contain 10 yjm\ of Ci, as exactly as possible, 
if the result is to be correct. If the serum test is not diluted enough, 

1. e. if the Ci-content of the X-solution is bigger than the optimum 
10 y/ml, the yield will be too small, and the error can be of con- 
siderable magnitude. If the test is too much diluted a not so 
exact yield is also easily obtained. These errors caused by wrong 
dilution of the X-solution constitute finally the weakness of the 
Thunberg method. 
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uonomsivii,o. rn„rrKj 

1. When determining Ci in blood serum according to T UN^- 
berg’s method the level quotient ought to be taken into account, 
in order to obtain the most exact result possible. The same laws 
which have been stated above as bearing upon the estimation oi 
the Ci-yield of artificial colloidal solutions, are valid also m this 
case. As a general rule it can be said that the Ci-value is to be 
calculated from the tubes with 0.5 and 0.6 ml if the level quotient 
is between 1.00 and 1.20; from the tubes with 0.4 and 0.5 ml it 
the level quotient is between 1.20 and 1.30; from the tubes with 
0.3, 0,4 and 0.5 ml if the level quotient is between 1,30 and 1.70, 
and from the tubes with 0.2, 0.3, 0.4 and 0.5 ml if the level quo- 
tient is between 1.70 and 2.40. If the level quotient is still ^eater, 
it is advisable to calculate the value from the tubes with 0.2, 
0.3 and 0.4 ml, all the time supposing that the contact point 
lies at 0.6 ml, 

2. As the systematic deviation of the serum curves follows the 
same laws as the systematic deviation caused by artificial colloidal 
solutions, one is justified to draw the conclusion that the syste- 
matic deviation is caused by the serum colloids. 

3, A comparison between the Ci-content in serum from 
venous blood of man estimated according to Thunberg and 
according to PSV showed a great conformity. The mean value of 
the Ci-values was, by estimation according to , Thunbbrg and 
with consideration of the level quotient, 0.7 % greater than the 
mean value of the Ci-values estimated according to PSV, 

Summary. 

Having demonstrated in an earlier work that an artificial 
colloidal solution causes a systematic deviation in the ThunbbRG 
Ci-curve, the author poses the question: is the influence of the 
colloid content determined by a law, and does such a law concern 
also the Ci-estimation in blood serum? Solutions of alb. ovipulv. 
gummi arab. and gall of swine to which was added 10 y/ml of Gi 
caused a systematic deviation of the Ci-curve. The systematic 
deviation increased if the concentration of a given colloidal solution 
vas increased. Different colloidal solutions in the same concentra- 
tion caused systematic de\'iations of unequal degree. The figure 
for level line of the X-curve ,, ^ 

the level line of the standard curve’ 
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tlie level quotient, determines wMcli tubes ought to be considered 
when estimating tbe Ci-content of the X-solution. By a higher 
figure of the level quotient the point for the exact value is regularly 
displaced upwards on the curve. Simultaneously the for the esti- 
mation of the Ci-value best combination of several consecutive 
tubes is displaced upwards on the curve. The systematic deviation 
of the Ci-curve is due to an acceleration of the reaction process 
in the upper part of the curve and a simultaneous retardation of 
the process in its lower part. A change in the colloidal properties 
of a given colloidal solution affects the degree of the systematic 
deviation. 

Parallel estimations of Ci in blood serum according to Thtinberg 
and according to PSV show that the same laws rule the system- 
atic deviation in artificial colloidal solutions and in blood serum. 
Tliis shows that the systematic deviation of the serum curve is 
due to the serum colloids. 

Parallel Ci-estimations with the Thunberg and PSV methods 
on v'enous blood of man gave almost identical results. 
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In spite of an extensive literature on lipases several elementary 
questions concerning these enzymes have not yet been satisfac- 
torily answered. In previous works (1943, 1944, 1945) we have 
shown that among neutral and saturated triglycerides tributyrin 
is hydrolyzed with the ^eatest initial velocity by lipases. The 
affinity of pig pancreas lipase for lower triglycerides in homoge- 
extremely low. On the other hand the affinity 
o t IS enzyme for an insoluble triglyceride is very great, its 
rec^rocal value being very small compared with the substrate 
sm ace measured. In the present paper the influence of calcium 
c on e on the activity of pancreas Lipase is investigated. 

Fekelharing (1912) assumed that CaCl!. accelerated the lipo- 
ysis y removing the fatty acids, which were supposed to inhibit 
insoluble calcium soaps, Willstatter, Wald- 
nf Memmen (1923) have denied the correctness 

basis of experiments with triolein they 
rinm ^ ^ soaps are the actual activators, the cal- 

form complex adsorbates. Further they 
at altniw, ^ ^®^^''^^ting action can only be demonstrated 

books ^ ^ ^®®^ction. Willstatter’s view is quoted in most hand- 
saTtfonfr mvestigations into the influence of calcium 

triclvcerirlp lipase towards a series of saturated 

mav hnvp - 7 ^ reported. Experiments of this kind 

sigm icance by illustrating some sides of the function 
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of calcium ions and will therefore be given in the following report. 
The activating influence of calcium chloride can be stated for all 
triglycerides investigated both in homogeneous and heterogeneous 
systems and not only in alkaline but also in acid medium. For the 
triglycerides with the highest molecular weight the activation on 
the acid side of optimum pH is most pronounced. The presence’ 
of calcium ions apparently does not shift the position of optimum 
pH for the same triglyceride. With increasing number of carbon 
atoms in the fatty acids a displacement of optimum pH in alkaline 
direction is seen. 'No basis for Willstatteb’s theory as to the 
mechanism of the calcium activation has been found. 


Experimental. 

Tbe activity of lipase is determined mainly as in our previous 
works, ScHONHEVDER and Volqvabtz (194:4, 1945), the amount of 
acid liberated during the reaction being neutralized by adding drop- 
wise 0.1 n NaOH, keeping pH almost constant. pH was measured by 
means of a protected glass electrode. The reaction mixtures were shaken 
horizontally (250 double oscillations per min.) in a water thermostat at 
40° G i C. The system employed consisted of triglyceride, 1 to 
3 CO of buffer solution, i 50 mg CaCl. (O.s cc of 10 % CaCh solution),- 
enzyme extract and 0.9 % NaCl solution, the total volume being 30 cc. 

Substrates. Triacetin, tripropionin, tributyrin, tricaproin, tricaprin, 
trilaurin, trimyristin, tristearin and triolein were used for the experi- 
ments. Begardless of solubility 0.283 millimol triglyceride were used for 
each experiment. Only in the case of triacetin O.s 65 millimol were used. 
The systems with triacetin and tripropionin were homogeneous, the 
rest heterogeneous. 

Buffers. Acetic acid — sodium acetate, Michaelis’ veronal buffer, 
borate — NaOH and glycine — NaOH, all O.i n, were employed. 

Calcium chloride. The amoxmt chosen has been found to give optimal 
activation in experiments with tripropionin and pig pancreas lipase. 

Enzyme. Pig pancreas lipase has been prepared according to the 
method of Willstatter and WALDScmaiDT-LEm (1923). In the case 
of triacetin and tristearin the undiluted preparation was used. With tne 
other triglycerides the original extract was diluted with 0.0 % NaCl 
in suitable degree to get reaction rates below 35 drops per 10 min. An 
analysis of. the glycerol extract showed that it did not contain measur- 
able amounts of calcium. 

The initial reaction velocity v was calculated graphically by plotting 
number of drops of O.i n NaOH (1 cc = 44 drops) against time in min. 
During the beginning of the reaction the curve was always found to 
be linear and v was computed as number of drops added during the 
first 10 minutes of reaction. In the most acid range the reaction curve 
in all cases without calcium showed a tendency to flattening within 
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a short time. This tendency did not appear in more alkaline range. In. 
all cases, however, it is possible to get an estimate of the initaal velocity 
with needed accuracy. All the initial velocities measured have been 
corrected for spontaneous hydrolysis which especially in the case of the 
lower triglycerides in alkaline range is considerable. Although _the 
majority of the systems investigated are heterogeneous the in^vimal 
experiments can be reproduced with an accuracy about 5 /o- 
amount of enzyme used is small in relation to the. surface of the fatty 
particles in the heterogeneous systems, the initial velocity being approxi- 
mately proportional to amount of enzyme at tie same 'weiglit of tn- 
glyceride per 30 co of reaction mixture. 


Results. 

Kg. 1 includes the experiments on the pH-activity relation for 
the triglycerides investigated with and without calcium chloride. 
The values represented by x correspond to experiments with CaChj 
0: without CaCh. The nine triglycerides investigated are: triacetin 
(I), tripropionin (II), tributyrin (III), tricaproin (IV), tricaprin 
(V), triolein (VI), trilaurin (WI), trimyristin (VIII) and tristea- 
rin (IX). Triolein is included because it is commonly used as sub- 
strate. For each triglyceride the same amount of the same enzyme 
preparation was used in all the experiments. Only one preparation 
of defatted and dried pancreas tissue was the source of the different 
enzyme preparations. The ordinates give initial velocity in per 
cent of the maximal velocity in the system containing CaCh* 
The maximal velocity was calculated graphically. It ought to be 
mentioned that the curves have been reproduced in other experi- 
ments. 

It appears from these experiments, that the pH optimum for 
the hydrolysis of triacetin is about 7 and the optimum for tristearin 
about 8.8, thus showing a definite displacement of the pH opti- 
mum “with increasing number of carbon atoms in the fatty acids 
in the triglyceride. The curves with triacetin are incomplete owing 
to a very great spontaneous hydrolysis at pH>8.6, For one and 
the same triglyceride the addition of calcium chloride does not 
change the pH optimum for the enzymatic hydrolysis. In no case 
an inhibiting action of calcium chloride in acid range could he 
stated. On the contrary in the case of triglycerides containing fatty 
acids with 10 or more carbon atoms the activation in the most 
acid range is more pronoimced than in alkaline range. In the ex- 
periments with trilaurin, trimyristin and tristearin the range of 
activity in acid medium is widened about one pH unit, the pH 




addition of CaClj. 
;in, IX: tristearin). 
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Fig. 2. Velocities of hydrolysis of triglycerides without and with addition of 
some higher fatty acids. A, tripropionin. o = tripropionin alone, x = addition 
of 0.1 millimol lauric acid. B, tricaproin. o = tricaproin alone, + = addition of 
0.1 millimol lauric acid, x = addition of 0.1 millimol stearic acid. Abscissa: pH. 
Ordinate: Velocities in per cent of the maximal velocity in systems with no addition. 


range of activity for these triglycerides after addition of CaClz 
thus being of the same extension as in the case of the lower satu- 
rated triglycerides. 

When no appreciable lipase activity can be observed at pH ^6 
in the CaCU-free emulsions of the higher triglycerides (Fig. 1, 
IX), this tends to show that a special inhibition asserts 
itself here. The phenomenon is not seen in the triglyceride experi- 
ments I — IV, where rather easily soluble acids are formed. As the 
addition of CaCla in VTI — ^IX more especially increases the activ- 
ity in the pH range 5 to 6, it is reasonable to assume that the 
inhibition is due to the higher fatty acids and that their influence 
is abolished when they are converted into insoluble calcium soaps. 
That the higher fatty acids inhibit the action of pancreatic lipase 
appears from Fig. 2, in which are given the results of some experi- 
ments at different pH with tripropionin (A) without and with 
addition of 0.1 millimol lauric acid and tricaproin (B) without 
and with addition of 0.1 millimol lauric acid or stearic acid. 
These experiments show a beginning inhibitory effect at pH 
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values smaller than about 7, whereas no inhibition can be demon- 
strated in alkaline range. It ought to be mentioned that the in- 
hibitory effect does not . correspond to an unspecific accumulation 
of fatty acids. The addition of 0.1 millimol of the acid cor- 
responding to the lower triglycerides does not inhibit the hydro- 
lysis of tripropionin and tributyrin. 

It is reasonable to assume that the inhibition is caused by the 
imdissociated higher fatty acid, whereas the anion is inactive. 
Critical Tables gives pK for the fatty acids up to caprylic acid 
as about 4.8. From the experiments by Holwerda, Verkade 
and DE "Willigen (1937) it is possible to compute a pK value of 
5.1 for capric acid and undecylic acid. There is no reason to assume 
that further introduction of CH.-groups into the chain of fatty 
acids -^vill change pK appreciably, and the inhibitory effect of the 
higher fatty acids can thus only be stated in the pH range where 
they are present partly in the undissociated form. As no hydro- 
lysis can be found in more acid medium than pH = 6 in experi- 
ments VII — IX (without CaClj) even very small amounts of lauric 
acid, mjTistic acid and stearic acid are able to inhibit the enzy- 
matic splitting of these triglycerides. 

The pH-activity range for the enzymatic hydrolysis — both 
with and without CaCl. — of triolein (\H) is somewhat narrower 
than in the case of the saturated triglycerides. The special activa- 
tion by CaClj in acid range is less pronounced for triolein and tri- 
caprin (V) than in the case of ^HI — IX. 

Finally, we may point to the fact that the results of our experi- 
ments do not support Willstatter’s theory of the activation 
of lipase by the formation of complex adsorbates. In the first 
place the activation in the experiments I — IV, where no insoluble 
calcium soaps are formed, is of the same order of magnitude as 
in the rest of the experiments, where very slightly soluble calcium 
soaps are formed. Further some experiments given in Table 1 
show that addition of calcium salts of oleic-, lauric- and stearic 
acid to the corresponding triglycerides is without any activating 
effect. These experiments were carried out at optimum pH for 
the different triglycerides. 

In a previous paper (Schonheyder and Volqvartz, 1944) 
it has been shown that CaCh does not influence the affinity between 
pancreatic lipase and the lower triglycerides in homogeneous solu- 
tion. Experiments in the present paper indicate that the activation 
of pancreatic lipase towards the higher triglycerides in acid me- 
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dium is essentially due to the removal of strongly inhibiting fatty 
acids as calcium soaps. At the moment it is not possible to give 
a final explanation of the activation of lipase towards lower 
triglycerides, but nothiug seems to run counter to the assumption 
that the mechanism is the same here as in the alkaline range in 
experiments with higher triglycerides. 

Table 1. 

The Hydrolysis of Some Triglycerides with Addition of the 
Corresponding Calcium Soaps at Optimum pH. 


Triglyceride 

0.283 millimol/30 cc 
system 

Amount of 
Ca-soaps 
added, g 

V 

Triolein 

0 

10.7 


0.093i 

11.2 


*0.2802 

11.5 

Trilauriu 

0 

12.6 


0.0685 

13.4 


*0.2059 

11.6 

Tristearin 

0 

6.8 


0.0949 

7.15 


*0.2841 

7.1 


V = number of drops 0.1 n NaOH per 10 min. 

* amount of Ca-soap equivalent to 50 mg CaClj. 

Summary. 

The activating influence of calcium chloride on the hydrolysis 
by pancreatic lipase of several saturated triglycerides and triolein 
has been investigated at different pH. 

1. With increasing number of carbon atoms in the fatty acids 
of the triglycerides the optimum pH for pancreatic lipase is dis- 
placed from 7 to 8.8. 

2. Addition of CaCla does not alter the optimum pH for the 
enzymatic activity towards a triglyceride. 

3. CaCl 2 activates the hydrolysis of all triglycerides investigated 
in homogeneous as well as in heterogeneous systems and both in 
alkaline and acid medium. 

4. In the presence of CaCl 2 the pH-activity range for the higher 
saturated triglycerides is widened one pH unit on the acid side. 

5. The higher free fatty acids are supposed to depress the 
hydrolysis by pancreatic lipase in a high degree, and the pro- 
normced activation by CaCl 2 in experiments with higher triglyc- 
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erides is explained by the removal of free acids as insoluble cal- 
cium soaps. 

6. The experiments do not support Willstatter’s theory of 
the activation of lipase by formation of complex adsorbates. 

This work has been aided by a grant from the “Christian X's 
Fond”. 
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A number of theories have been suggested as to the mechanism 
of the increase in serum phosphatase activity in obstructive 
jaundice first described by Egberts (1930). The most common 
theories can be summarized in the following way. 1) The hyper- 
phosphatasemia (hph) is due to retention of phosphatase which 
is normally excreted by the liver in bile. This theory is advanced 
by Egberts (1930) and other investigators in this field have 
supported his view. The main ar’gument for this theory is that 
phosphatase has been found in bde. Some authors e. g. Schipf- 
JiAN and WiNKELMANN (1939) maintain that the hepatic fimction 
is of great importance to the degree of hph. 2) Thannhauser, 
Eeichel, Grattan and Maddgck (1937) have suggested that 
the hph is due to an activation of the normal serum phosphatase 
rather than to an actual increase in the amount . of circulating 
phosphatase and Cantargw (1940) seconds their opinion. 3) A 
third theory has been put forward by Austgni and Cgggi (1934). 
According to these authors the hph is due to absence of bile in 
the intestine which presumably is followed by disturbance in the 
calcium-phosphorus metabolism. Atjstoni and Cgggi stress that 
biliary fistulae in human and dog are followed by hph. 

It is hardly possible to elucidate the meohauism of the increased 
serum phosphatase by biliary obstruction by means of clinical 
observations, and experiments on dogs have not finally solved 
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this questioa. As liph has been found to be pronounced in rabbits 
after ligation of the common bile duct and as these animals are 
cheap they were used as experimental animals in this work. 
The hph in rabbits is not due to trauma of the common bile duct 
or to an activation of the normal serum phosphatase. In bile 
fistulae rabbits no increase in the serum phosphatase activity 
can be stated, this operation is rather followed by a decrease in 
the serum phosphatase activity. The increase may partly be ex- 
plained by retention of phosphatase which is normally excreted 
with the bile but besides a hyperproduction of phosphatase in 
one or more organs with delivery to the blood must play a role. 


Methods. 

In all experiments white rabbits have been used. The average weight 
of the animals has been about 2 kg. The animals were kept in individ- 
ual cages. The diet has been kohlrabi and hay. The animals were 
kept on the diet for about a week before experimentation. The opera- 
tions were carried out with aseptic precautions. j^Tone of the animals 
operated on ate during the first 48 hours after the operation. 

Serum phosphatase activity was estimated by the method of Buck 
and Buch (1939). 2 to 3 ml of blood were drawn for each determination. 
For the estimation of the amount of phenol liberated Pulfrich’s photo- 
meter was xised instead of a universal colorimeter. Filter S 72 and 0.5 
cm cuvette were employed. The measurements should be carried out 
not later than one hour after the development of the colour (5 to 60 
min. after the addition af NajCOg). In the case of very small phospha- 
tase values 1 cm cuvette ought to be used. By means of a standard 
curve (Fig. 1 ) constructed on the basis of known phenol solutions the 



Fig. 1. Standard curve for colorimetric phosphatase determination with the 

. Pulfrich photometer. 
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extinction read is converted into phospliatase units (phu). It was con- 
A'^enient to adopt as a unit of activity tlie amount of enzyme capable 
to liberate from di-sodium pbenyipbospbate 1 mg of pbenol during tbe 
first 15 min. of tbe hydrolysis at 37.5° C and pH 9.G. The phosphatase 
activity of a sample is given as number of phosphatase xmits (phu) 
per 50 ml serum. This imit equals Buch’s unit. The coefficient of 
variability of a duplicate determination was found to be 2.7 per cent. 
Bodansky (1932) has in human serum demonstrated an increase in 
phosphatase actmty of serum which was left to stand for 24 hours. 
The authors have made a similar observation on rabbit serum, a rise 
of 11 per cent being found after 24 hours. All the phosphatase deter- 
minations were therefore carried out within one hour of blood-drawing. 


Experimental. 

Normal Material. The distribution of serum phosphatase units 
in normal rabbits (46 different animals) is illustrated by the pro- 
bit method in Fig. 2. It is seen that the distribution is practically 



Phosphatase units per 50 ml serum. 


Pig. 2. The relation between probit and phosphatase units per 50 mi serum in 46 

normal rabbits. 


normal. The average value found is 7.4 phu. From the inclina- 
tion of the straight line u =2.5 phu is computed. When blood 
is drawn at intervals of some days the serum phosphatase ac- 
tivity in normal rabbits does not vary very much. On inanition 
and bleeding 6 to 7 times during a 40 hour period in two cases 
out of three a moderate drop in the serum phosphatase activity 
could be stated (Fig. 3). Bodansky and Japfe (1931) and Jor- 
gensen (1944) made the same observation on fasting rabbits. 

Obstruction of Common Bile Duct. . This condition was produced 
in 5 animals. All. rabbits showed a marked elevation in serum 
phosphatase (Fig. 4). The increase occurs shortly after operation 
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Abscissa, time in hours after operation. 

Ordinate, phosphatase units per 50 ml serum. 

Pig. 3. Effect of inanition and bleeding on serum phosphatase activity in normal 
rabbits (Eabbits 1 to 3), and serum phosphatase activity in bile fistula rabbits 

(Rabbits 12 to 14). 



10 20 30 HO 

Time in hours after operation. 


Pig. 4. The variation in serum phosphatase activity in 5 rabbits after ligation 

of the common bile duct. 
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reaching a maximal value of 140 phu in about 15 hours followed 
by a slow faU. By frequent bleeding during the first 24 hours the 
time of survival was shortened to about 40 hours. In one animal 
blood was only drawn once a day. In this animal the maximal 
value found was 146 phu and 240 hours after operation a value 
of 17.7 phu was found. 

Anastomosis between Gall Bladder and Duodenum. That the hph 
found in rabbits with ligation of the common bile duct is not due 
to a mechanical action on the common bile duct appears from the 
following experiments. In three rabbits an artificial connection 
through a thin rubber tube was produced between the gall blad- 
der and duodenum; then the common bile duct was ligated. 

Table 1. 

Variations in Serum Phosphatase Activity after Anastomosis between 
Gall Bladder and Duodenum in Babbits with Ligation 
of the Common Bile Duct. 


Rabbit 9 

Rabbit 10 

Eabbit 11 

t 

Ph 

t 

Ph 

t . 

Ph 

0 

6.4 

0 

7.1 

0 

7.1 

6V= 

6.7 

27. 

8.6 

8 

5.6 

10 

5.8 

18 V. 

4.5 

18 

4.4 

13 

5.9 

23 

4.6 

22 

8.0 

I8V2 

5.1 

40 

8.0 

267^ 

7.2 

25 

6.0 






t refers to hours after operation, 

Ph refers to phosphatase units in 50 ml serum. 

As can be seen in Table I the small decrease found in controls is 
not observed, but it is certainly not justified to state an increase 
in serum phosphatase activity following the operation. 

Phosphatase Activity in Mixtures of Normal and Pathological 
Serum. In order to check the activation theory that has been ad- 
vanced by Thannhauser and coworkers some experiments were 
performed in which phosphatase activity was determined in se- 
rum with normal and enhanced activity as well as in mixtures of 
these sera. The results of this investigation are shown in Table II. 
It appears from this table that in all cases a good agreement 
between observed and calculated phosphatase values was found. 

Bile Fistulae Rabbits, hph is described in dog and in human 
in the case of gall fistula (Freeman, Chen and Ivy, 1938, Thann- 
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Tftble n. 

2'lie Phosphatase Activity, in Mixtures of Normal and 
Pathological Serum. 


Composition 
of mixtures 

Phosphatase units per 50 ml 
serum 

Found 

Calculated 

1 A + 0 B 

6.20 

6.20 

0 A-fl B 

53.05 

53.05 

1 A-f 4 B 

43.C0 

43.68 

1 A + 2 B 

37.75 

37.43 

1 A + 1 B 

29.65 . 

28.63 

2 A + 1 B 

22.50 

21.82 

4 A + 1 B 

15.90 

15.57 


A refers to normal serum; B refers to pathological serum. 


HAUSER, Reichel, Grattan and Maddock, 1937, Morris and 
Peden, 1937). This finding has been a stumbling block against 
the retention theory. In vrhat follows the response of rabbits to bile 
fistula has been examined. In 3 rabbits the common bile duct was 
ligated, whereupon a rubber tube was inserted into the gall blad- 
der. Through this drain the bile was collected continually, its 
volume and phosphatase activity being measured. From the re- 
sults given in Table III the amoimt of phosphatase excreted 


Table HI. 

Amounts of Phosphatase and Volume of Bile 
in Three Fistula Babbits. 


Babbit 12 

Rabbit 13 

Rabbit 14 

mi 

a 

Ph 

t 

a 

Ph 

mi 

a 

Ph 


9 

49.8 

3V= 

27 

6.9 

V4 

2 

31.2 

1V4 

7 


8V4 

54 

4.6 

4V= 

46 

3.6 

2V4 

6V4 

6.7 

23 

7.7 

I 2 V 4 

17 

27 

21 

7.5 

10.3 

9 

13V. 

35 

24 

2.2 

5.5 

7’/4 

11.7 


25V4 

15 

8.3 

17 

18 

6.6 

8V4 

7.5 

10.7 



25*/. 

26 

7.1 

10 

10.5 








11 

6 








12 

7.5 

12.7 







17V4 

35 

17.9 







24 

38 , 

32.6 








t refers to hours after operation, 
a refers to bile in m^ 

Ph refers to phosphatase units in 60 ml bile. 
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during the first 15 hours can be computed approximately. Rab- 
bits 13 and 11 excreted 17.1 and 11.2 phu respectively during 17 
hours. In the case of Rabbit 12 it' is more difficult to calculate 
the amount of phosphatase excreted "with the bile because phos- 
phatase determinations were not carried out on all the bile samples. 
Using average values of phu per ml (computed as the mean of 
phu per ml in the preceding and following sample) in the samples 
where phosphatase determinations were not carried out it was 
found that Rabbit 12 has excreted 42.5 phu during 17^/4 hours. 
The serum phosphatase activities during the experimental period 
are given in Fig. 3. 

Discussion. 

From the e 25 )eriments it seems apparent that in rabbits a prompt 
and marked elevation of serum phosphatase activity occurs in 
response to ligation of the common bile duct. These animals are 
therefore suitable for studies on the mechanism of the develop- 
ment of hyperphosphatasemia. hph is not caused by a reflectory 
release from the common bile duct and the increase in serum 
phosphatase activity is a real rise of phosphatase. 

In bUe fistula rabbits no hph but rather a fall in the serum 
phosphatase activity is observed, this fall being somewhat larger 
than in fasting controls from which the same amount of blood 
was taken as in the case of the experimental animals. According 
to the retention theory hph is due to retention of the phosphatase 
normally excreted in bile. Regardless of the origin of the phospha- 
tase present in bile a moderate fall is quite natural, when the re- 
tention of bile components causes hph, and from the findings in 
rabbits one may suppose that the rise found in dog and human 
■with bile fistula is hardly caused by bile loss. That absence of bile 
in the intestine is of no importance in the production of hph ap- 
pears also from the fact that in spite of persistent complete ob- 
struction a fall in serum phosphatase activity occurs. Some pre- 
liminary experiments not presented here showed that the degree 
of hph is not influenced appreciably by the admimstration of 
bladder-gall from rabbits to animals with complete obstruction 
of the common bile duct. 

The experiments in which the phosphatase in bUe and the 
amount of bile produced during a certain time were determined, 
may shed light on the problem whether the hph can be explained 
as a simple consequence of transition to the blood of the phospha- 



STUDIES ON SERUM PHOSPHATASE ACTIVITY. 


77 

tase normally excreted vdtli the bile. If all the amount of phospha- 
tase -which is measured during the first 17 to 18 hours -were re- 
tained in the blood, then the increase -which can be calculated, 
blood volume (5 per cent) and hematocrit (33 per cent) being 
considered, would be much smaller than the value observed 15 
to 20 hours after ligation of the common bile duct, hph can thus 
not be explained by retention alone wherefore it seems reasonable 
to assume that a hyperproduction in one or more organs takes 
place. Experiments on this problem will appear in a folio-wing 
paper. 

Summary. 

The problem concerning the mechardsm of the development of 
hyperphosphatasemia in obstructive jaundice has been taken up 
for renewed examination on rabbits, which have been found 
suitable for such experiments. 

1. The increase in serum phosphatase after ligation of the com- 
mon bUe duct starts immediately and reaches a maximal value 
15 to 20 times greater than the normal value in about 15 hours, 
followed by a slow drop during the next days. 

2. The increase in the serum phosphatase is a real rise in the 
amount of phosphatase. 

3. The increase in serum phosphatase is not released from the 
common bile duct. 

4. The results of the experiments do not support the “acti-via- 
tion theory”. Nor can they be explained by the absence of bile 
in the intestine. 

5. The retention of bile phosphatase alone cannot explain the 
hyperphosphatasemia. 
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1 . 

It is known that the peripheral cells of the fibroblast culture 
degenerate much sooner than the closely packed cells in the 
central part; the latter cells preserve their fresh, normal ap- 
pearance, as may be seen from regeneration experiments (Fischer 
(1930)). It is also known, that the peripheral cells of the culture 
towards the end of the cultivation period become irreversibly 
damaged and hardly can be brought to divide, at the time the 
degeneration sets in. Apparently it is impossible to modify this 
condition by washing or supplying fresh nutrient substance, when 
the cells have reached the stage when they are filled with fat 
granules. Even ample amounts of the nutrient substances can- 
not prevent the occurrence of this degeneration. It has, on the 
other hand, been possible to preserve the cells of the central part 
of the culture in a state of good condition for more than a year 
(without transfer to a new medium) by means of ample supply of 
nutriment and by washing (Parker (1936)). 

The distribution of the mitoses is likewise characteristic. There 
are practically no mitoses in the central part of the culture, the 
mitotic dmsion activity being localized to a broad marginal 
zone (Fischer and Parker (1929); Jacoby (1937)). 

The structure of the fibroblast culture is characteristic with 
respect to cell density. The central part of the culture is numerous 
cell layers in thickness and the cells are closely packed; from here 
the cell density diminishes radially towards the marginal zone 
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where the thickness of the culture only is that of a single cell 
layer and where the density is small; in the periphery of the cul- 
ture the cells are more or less scattered, more so when the migra- 
tion is about to cease. 

It must be assumed that the wide variations in cell concentra- 
tion and tissue thickness make the living conditions very dif- 
ferent in the marginal and in the central zone of the culture. 
The distribution of the mitoses, together with the fact that the 
peripheral cells show fat degeneration much sooner than the 
closely packed cells in the central part may presumably be re- 
garded as expressions for this fact. 

Little is known as to the causes of these phenomena, but one 
may, as an introduction to an analysis of the problem, assume 
that the reason for these circumstances might be found in the 
difference in the oxygen tensions in the particular sections of 
the culture. The wide difference between cell density and tissue 
thickness in the central and in the marginal zone must give rise 
to differences in the consumption of oxygen and the conditions 
governing the supply with oxygen. The present investigation deals 
with these problems. 

In different ways we tried to determine the lowest value of 
the oxygen tension necessary in the culture chamber if the cells 
in the thickest and densest tissue mass of the culture are to 
have their normal oxygen consumption satisfied. The experiments 
involved the use of a vital stain as indicator for the presence of 
oxygen. 

The staining was done by means of brilliant cresyl blue (Grubler) 
which in the oxidized state is blue and in the reduced state colourless. 
In the main we have followed the technique of Gottwalt Fischer and 
Hartwig (19.37) to which reference is made for further details. 

The staining was carried out under anaerobic conditions with the 
leuco-base of the dye, since this, according to the authors mentioned, 
gives a better penetration into living cells. The stock solution of the 
dye (1 : 1,000 in distilled water) was diluted by means of Ringer-glucose 
(0.15 per cent of glucose) to protect the culture medium against any 
washing out of sugar. The leuco-base (concentration 1 : 5 — 6,000) was 
allowed to act on the hanging drop culture of the coverslip for 20 to 
30 minutes at a temperature of 25 — 30° C. Then the culture was trans- 
ferred to fresh Ringer-glucose to which the air had free access, whereby 
the dye in the tissue was oxidized and assumed blue colour. After 
15 — 30 minutes the cultures were suitable for the experiments. 

The coverglass containing the cultures were stuck on to the lids of 
Gabritchewski dishes by means of a little vaseline two on each lid. 
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In the preliminary experiments some basic solution of pyrogallol was 
placed in the marginal trough of the Gabritchewski dish, and in the 
middle of the dish a little Ringer solution to prevent the drying out 
of the culture. 

After the lid had been replaced on the dish (with apertures open) 
nitrogen (having first passed over red-hot copper) or hydrogen was. led 
through the dish for ca. 20 minutes, whereupon the lid was turned to 
close it tight. In this way We attained an effective removal of the oxygen 
in the culture chamber, resulting in a decoloration of the tissue. The 
Gabritchewski dish was placed on a microscope stage which was sur- 
roimded by a heated box wherein the temperature was maintained at 
30—35° C. 

In the experiments designed to determine the oxygen tension ne- 
cessary for the requirement of the tissue, gas mixtures of varying oxy- 
gen content (checked by analysis) were led through the Gabritchewski 
dishes for about 30 minutes, whereupon the dishes were closed. One 
or two newly stained cultures were used for each experiment. Experi- 
ments were made with ordinary commercial nitrogen, as Well as with 
nitrogen free of oxygen. In each case the nitrogen was led through a 
2 per cent solution of bicarbonate ahead of the Gabritchewski dish. 
The other gas mixtures which had a higher oxygen content were esti- 
mated and prepared from a mixture of air and nitrogen (ordinary com- 
mercial product) and kept over a 2 per cent bicarbonate solution in 
a gasometer; the contents of oxygen and carbon dioxide were checked 
by analysis. The mixtures were led through the Gabritchewski dishes 
for about 30 minutes, whereupon the dishes were closed and the ob- 
servations made. 

Coverslip cultures of ordinary 7 — 15 passages old fibroblasts 
from the hearts of 7 — 9 days old chick embryos were used. The 
culture medium was only slightly stained by the dye used, so it 
was easy to observe the colour of the cells. 

In the past, several experiments have been made with the 
staining of embryonic organisms by means of various oxidized 
dyes, observations being made of the rate at which the various 
tissues were able to reduce these dyes under anaerobic conditions 
(Child (1937), Rulon (1935), Goxtwalt Fischer and Hartwig 
(1937), PiEPHO (1938)). The experiments have shown that the 
tissues reduce the dyes at widely different rates under the con- 
ditions stated. Since these experiments deal with a comparison 
of tissues which undoubtedly are very different in nature (widely 
different developmental potentialities) the observed differences 
in the rate of reduction must no doubt represent inherent cha- 
racteristics. The case is somewhat different with regard to our 
investigation. Here the cells must be assumed, throughout the 
whole culture, to be essentially alike. The differences in the rate 
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at wiich the cells reduce the absorbed dye under the oxygen 
tensions prevailing in the culture chamber must be assumed to 
be occasioned by the different conditions governing the supply 
of oxygen, as well as by differences in the amount of oxygen con- 
sumption owing to variations with respect to cell density and 
thickness of tissue. 

In preliminary experiments observations were made on the 
decolourizing phenomena of stained cultures placed in an at- 
mosphere of diminishing oxygen tension. It was found that the 
central part of the culture was decolourized quite rapidly, while 
the peripheral zone did not loose its colour until some time had 
passed; the most peripheral cells retained their colour for the 
longest time. If at this stage air w'as led into the culture chamber 
the stain reappeared. Then the decoloration of the tissue could 
be observed once more. 

The observed decoloration must be due to the circumstance 
that in part of the culture a deficiency of free oxygen is created, 
which causes the cells to use the oxygen bound in the dye; with 
diminishing oxygen tension this occurs first in the central part 
of the culture. 

2 . 

In order to imderstand the living conditions in the culture it 
is necessary to consider its topography. 
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tMckness of the tissue and the plasma coagulum is drawn to a 
scale 25 times larger than that usedfor -the diameter of the ground 
area of the tissue. The cross-hatched area represents the tissue mass 
of the culture, and the dotted area above represents the plasma 
coagulum which immediately after the transfer to a new medium 
covers the culture with a thick layer, and which to a large extent 
retracts over the tissue owing to the squeezing out of fluid from 
the coagulum (syneresis) caused by the activity of the cells; the 
result of this retraction is a distinct depression in the culture me- 
dium, This depression is in all cases filled with serum squeezed 
out of the culture medium. — During measurement the surface 
of the coagulum was set off by means of scattered Lycopodium 
spores, the fluid drop first being removed with the aid of filter 
paper. 

The figure shows that the thickness of the tissue varies greatly 
from centre to margin. 

Table 1. 


Culture No, 

The thickness of the 
plasma coagulum 
above the marginal 
cells, in w 

The thickness of the 
central part of the 
tissue culture, in fi 

7647 

244 

107 

7656i 

104 

65 

3570. 

112 

80 

7507i 

224 

81 

3449, 

133 

148 

3442i 

177 

66 

4820 

116 

80 


Table 1 records the thickness of the central part of , a number 
of cultures; it is seen that there is great variation from one culture 
to another. The thickness of the peripheral part is very constant, 
viz., a few /^, the explanation being that the extreme marginal 
zone always is one cell-layer thick. 

Our measurements show finally' (see Table 1) that the thickness 
of the layer of plasma coagulum which covers the marginal zone 
of the culture is very considerable and also very variable. Some 
of the cultures undoubtedly lacked plasma coagulum over the 
central part as seen in Fig. 1. It is obvious that these differences 
in tissue thickness must produce corresponding differences in the 
amounts of oxygen necessary to satisfy the oxygen consumption 
in the various parts of the culture. The vital staining experiments 
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sliow that when the oxygen tension in the culture chamber falls, 
there soon occurs an oxygen deficiency in the central part of the 
culture wliich is thick and rich in cells, while oxygen deficiency 
in the peripheral, scattered tissue cells does not occur until much 
later, and apparently at a much lower oxygen tension. 

With these observations as starting point it should be possible 
to determine the oxygen tension at the very moment a noticeable 
decoloration of the central part of a culture occurs.. By leading 
nitrogen free of oxygen through the culture chamber we obtained 
a more or less distinct decoloration of the central part of the 
cultures (most pronounced macroscopically). No decoloration 
occurred in the marginal zone of the culture. When the culture 
chamber was opened the central part of the tissue resumed its 
original colour. "VWien nitrogen (found by analysis to contain 0.87 
per cent of oxygen) was led through the chamber the central 
part of the culture was likewise distinctly decolourized. When 
the gas mixture contained 1.94 per cent of oxygen the decolora- 
tion of the central parts was not so distinct, though still clearly 
discernible, but when the oxygen content was further increased 
no decoloration occurred. 

It is undoubtedly a fact, however, that when no decoloration 
occurs at oxygen contents higher than about 2 per cent, this does 
not prove that the oxygen supply actually is adequate for the 
oxygen consumption of the whole central part of the tissue. One 
should remember, for one thing, that by the present method it 
is hardly possible to recognize a decolouration of the deepest lying 
layers of the tissue mass, i. e., those closest to the coverslip, since 
this mass is covered by a thick or thin layer of stained cells. More- 
over, our experiments have for unknown reasons yielded a rather 
poor staining of the central part of the cultures, a fact which 
influences the perception of differences in decoloration. Hence 
we must assume that the above mentioned value is too low, and 
we have therefore by other means tried to obtain a rough esti- 
mation of the oxygen tension which is required if the whole tissue 
mass is to be supplied with oxygen. 

3. 

A scries of determinations were made of the oxygen consump- 
tion of excised tissue cultures at different oxygen tensions, the 
idea being that with diminishing oxygen tension a point would 
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be reached where this pressure would be insufficient, under the 
prevailing conditions of diffusion, to provide the central part of 
the tissue with the necessary oxygen supply, for which reason the 
oxygen consumption during continued diminution of the oxygen 
tension would decrease. 

Back of this idea is the well known fact (Warburg (1926)) 
that the oxygen consumption within wide limits is independent 
of the oxygen tension, and that changes in the conditions of dif- 
fusion must be the sole cause of the changes in the magnitude 
of the oxygen absorption. 

The cultures used were cut in the manner used when a tissue 
is to be transferred to a new medium; each experiment involved 
about 20 cultures which were placed in a Warburg chamber con- 
taining a Binger-glucose solution (0.2 per cent) to which a few 
drops of serum had been added. 

Since no determination was made of the mass of the tissue, the 
determinations of the oxygen consumption at different pressmes 
had to be made on the same set of cultures. First a determination 
was made at an oxygen content equal to that of air, next at one 
or two lower oxygen tensions, followed by a determination in 
air in order to establish whether the respiratory intensity had 
changed since the beginning of the experiment. 

The tools used in these experiments were not sterile, but con- 
trols in air had proved that the infection had not reached a 
magnitude that made any decisive difference in the respiratory 
intensity of the tissue. 

It was found that the oxygen consumption of the tissue within 
each set of cultures was constant until the oxygen tension had 
fallen to about 4 per cent. This must mean that the central parts 
of the tissues at oxygen tensions about this percentage or lower 
are insufficiently supplied with oxygen for the satisfaction of the 
usual oxygen consumption. 

Since the cultures during the respiratory measurements were 
floating freely in the medium and therefore received oxygen from 
both sides, an oxygen tension of about 8 per cent was necessary 
for the supply of the deepest lying parts of a culture attached 
to a coverslip since the oxygen supply in this case would 
occur from one side only. For the reasons previously cited 
this value, which is considerably higher than the one found in 
the vital staining experiments, must be regarded as the most 
reliable one. 
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4. 

In tlie coverslip culture the volume of the culture chamber is, 
from measurements, about 500 mm}. Of this space, 100 mm® are 
occupied by oxygen at the oxygen tension 0.2 atmosphere, which 
prevails at the beginning of the cultivation. 

According to Lipjiann (1932) the oxygen consumption of an 
ordinary heart fibroblast culture may be put at 22 mm® oxygen in 
the course of a , cultivation period lasting 96 hours, the experi- 
mental conditions otherwise being the same as in our vital staining 
experiments. This means that tissue cultures may be estimated 
to consume of the available oxygen, and that the oxygen ten- 
sion after 96 hours has fallen to 0.15 atmosphere. 

One will notice that it is possible to use up to one-half of the 
oxygen wliich may be estimated as being available, before the 
oxygen tension reaches a value so low that the central part of 
the tissue culture receives so little oxygen that the oxygen con- 
sumption falls off. Since normally about of the available 
oxygen is consumed, sufficient oxygen will be present to satisfy 
the consumption of the cells in all parts of a culture. It is perhaps 
possible that oxygen deficiency may occur in the case of very 
thick tissue cultures towards the end of a cultivation period. 

The variation in the oxygen tension which presumably occurs 
in the tissue during a cultivation period falls, in all essentials, 
within the range where the oxygen consumption of the cells is 
not affected by the oxygen tension. If the oxygen tension then 
should have any influence on the metabolism of the cells, and 
thereby on their state of preservation in the different parts of the 
culture, it must be assumed that this phenomenon is independent 
of the oxygen consumption, and thus a matter of a direct or in- 
direct effect of the oxygen tension on other processes in the cell 
body (cf. Laser (1937)); we have no actual support for this idea, 
however. 

The conclusion may be drawn that the absence of mitoses in 
the central part of a culture under normal conditions cannot be 
attributed to lack of oxygen since the amount of oxygen present 
in the tissue is sufficient for normal oxygen consumption. Nor 
can the degeneration phenomena which one observes in the mar- 
ginal zone of a culture be due to oxygen deficiency. The plasma 
coagulum has a rather considerable thickness above the marginal 
cells, our measurements showing values varying from 104 to 



86 ALBERT FISCHER, B0R6E FOQH AND AAGE BOHUB JENSEN. 

244 [i. The conditions governing the supply of oxygen are de- 
termined by the conditions of diffusion in the column of plasma 
coagulum above the marginal cells, and are moreover dependent on 
the oxygen tension in the culture chamber and on the oxygen con- 
sumption of the marginal cells. The latter, however, cannot amount 
to much per unit of surface of the one cell layer thick marginal 
zone, where the cells moreover are scattered; add to this that the 
marginal zone must have a rather considerable oxygen supply 
from the free culture medium outside the edge of the tissue (Lip- 
MANN (1932)). There can be no doubt that the cells of the marginal 
zone under normal conditions will receive enough oxygen to cover 
their normal consumption. 

It is also possible to prove directly that the oxygen tension 
has no influence on the rate at which the degeneration progresses 
in the cells of the marginal zone. Heart fibroblasts were cultivated 
in Carrel flasks in a gas mixture of 95 per cent oxygen and 5 per 
cent carbon dioxide. For control of the reaction of the medium 
a drop of phenol red was added to the fluid phase so that the con- 
centration in the medium became 0.005 per cent. Heart fibro- 
blasts were also cultivated in an atmosphere of pure nitrogen. 
Finally, control cultures were made with air in the flasks. No 
essential difference was found in the setting in of the degenera- 
tion in the marginal zone of the control and the experimental 
culture. 

Our experiments have furnished no explanation of why the cells 
are preserved so well in the central part of the culture. 

Summary. 

1. A determination was made of the oxygen tension which is 
necessary if the mass of the whole tissue culture is to be supplied 
with just enough oxygen to satisfy the normal demand of the 
cells. 

2. On the basis of the knowledge of the oxygen consumption 
of a culture and the amount of oxygen which is available at the 
beginning of the cultivation it is possible to demonstrate that 
enough oxygen must be present to satisfy the supply for all parts 
of the culture, 

3 . It is apparent that the influence of the oxygen tension can- 
not be responsible for the very large difference observed in the 
rate at which the cells degenerate in the closely packed central 
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part and in tlie marginal zone. Nor does it seem possible that low 
oxygen tension in the central tissue fragment can account for 
the discontinuation of the mitotic division activity in the central 
part of the culture. 

Thanks are due to "Kong Christian den Tiendes Fond" and 
"P. Carl Petersens Fond” for grants in aid of this work. 
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In Pharmacopoea Helvetica 1933, Pharmacopoea Gallica 1937, 
Dispensatorinm Danicum 1934 and 1938 and finally in Pharma- 
conomia Svecica 1943 it is stated that solutions for instillation, 
into the eye should be isotonic not with blood (= 9 ®/co HaCl), 
but with a 14 ®/oo solution of ^aClj and statements that this cor- 
responds to the osmotic concentration of tears are quite common 
in textbooks. 

Prom a physiological point of view this statement appears 
improbable apriori, and it was considered desirable to test it 
experimentally before including it in the Dispensatorinm Danicum 
now rmder revision. Lacrymal fluid was collected therefore from 
a small number of persons and the concentration estimated by 
the very sensitive and accurate vapour pressure method originally 
proposed by A. V. Hill and applied by us in the modification 
described by Keogh (1938). The material was collected in pyrex 
tubes similar to those described by Widjlark for taking blood 
samples for alcohol determination. One end of the capillary was 
placed along the inner side of the lower lid drawn slightly down- 
wards by means of a finger. This stimulus sufficed to initiate a 
sufficiently rapid secretion of tears. The sampling tube was sealed 
off at both ends and brought to the laboratory. The determination 
took place within 24 hours. Preliminary determinations on two 
subjects gave the result that the osmotic concentration corres- 
ponded to 9.1 and 9.2 ®/oo KaCl respectively. 
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On 5 men and 5 M-omen the lacrymal fluid was compared with 
tlie serum of the same subject with the folloudug results. 


Sex 

Age 

Osmotic concentration in “/oo 

Serum 

Lacrymal fluid 

o 

41 

8.9 

8.9 

o 

30 

8.9 

9.2 

S 

32 

8.7 

9.0 

o 

32 

8.8 

8.S 

3 

28 

8.7 

8.9 

9 

41 

8.5 

8.9 

9 

31 

8.1 

8.7 

q 

33 

S.S 

9.2 

o 

-t' 

30 

8.5 

9.0 

C' 

29 

8.5 

9.0 



Average 8.G 

9.0 


The average for the scrum of women is lower than for men 
viz. 8. a against 8.8, but the lacrymal fluids show no difference. 
It appears doubtful wliether the slight average difference between 
the tears and the scrum is real, since some slight evaporation 
from the eye surface is difficult to avoid. 

We liave tried to discover and control the source of the state- 
ment concerning the isotonicity of tears with 14 ®/oo NaCl and have 
traced it back to Mas.sart (1889) who studied the reactions of 
some lower organisms and certain tissues to varied concentrations 
of saline substances. His cxjmriments on the human eye were 
carried out on two subjects by in.stilling drops of solutions of 
NaCl, Na.SOi etc. at the nasal corner of the eye where the sensi- 
tivity is maximal according to him. The solutions were only 
slightly below body temperature. He states that hypertonic 
solutions produce sensations distinctly different from those 
caused by hy])otonic and finds a rather sharp limit at about 
250 mM in one subject and between 200 and 250 in the other. 
He figures out the average to correspond to 13.9 ®/oo NaCl. 

i\lASSAPvT’s result is accepted by Hamburger in his great work: 
Osmotischer Druck und lonenlclirc m, 162, 1904 and supported 
by a chemical analysis by Lerch who finds 1.3 % NaCl while 
Magaard’s analysis gives the figure 0.42 %. 

A Cl analysis carried out in the Zoophysiological Laboratory and 
calculated as NaCl gave 0,73 % in one subject and 0,81 % in another. 
We have tried to repeat Massart’s observations first by in- 
stilling NaCl solutions as described by Massart into the eyes of 
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4 subjects of wbicb Wo were trained observers. One of tbe trained 
observers could distinguish between 6 ®/oo NaCl and 20 ®/oo which 
latter gave after several seconds a slightly disagreeable sensation. 
The other trained observer could even feel 15 ®/oo as very slightly 
disagreeable, but the two untrained observed no difference what- 
ever between the concentrations from 6 to 20 ®/oo- On one of the 
trained subjects the tests were repeated using an eyebath kept on 
for at least one minute. By this technique NaCl solutions from 8 
to 12 “/oo were found completely indifferent. 6 and 13 “/oo were 
just perceptibly disagreeable after almost a whole minute, but it 
was not possible to decide by the sensation whether they were 
hypo- or hypertonic. 15 ®/oo was slightly disagreeable after nearly 
1 minute and 20 ®/oo definitely so after minute. 

The normal eye is no doubt rather insensitive to concentration 
differences, but the case may be different in disease, and there 
can be no reasonable doubt that fluids applied to human eyes for 
any length of time should be blood isotonic. 
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Methods for chromatographic separation and determination of 
amino acids have been outlined by Turba (1941), Turba and 
Eichter (1942), WiELAND (1942) and Wieland and Wirth 
(1943). By these methods it is possible to separate the basic amino 
acids from the others, the former being adsorbed to fullers earth. 
By the use of aluminium oxide that has been prevnously treated 
■with diluted hydrochloric acid or acetate buffer the aminodicar- 
bonic acids are strongly adsorbed, whereas the neutral and basic 
acids can be easily eluated with water. The dicarbonic acids 
can be eluated together by means of diluted potassium or sodium 
hydroxide. When glutamic and aspartic acid are to be determined 
separately, the former is first eluated with acetic acid, then the 
latter with potassium hydroxide. The quantitative determination 
of the amino acids is carried out on the eluates according to Turba 
by van Slyke’s method after repeated evaporations in vacuum. 
WiELAND (1942) determines the neutral and basic amino acids 
by titration in alcohol of an aliquot part of the eluates after 
concentration in vacuum. Wieland and Wirth (1943) determine 
glutamic- and aspartic acid with ninhydrin. The blue colour de- 
veloped is measured colorimetrically. This method is rapid but 
rather inaccurate. Common to these methods is the use of relatively 
large amounts of amino acids (5 — ^25 mg) requiring large amounts 
of adsorbent. The cliromatography requires comparatively long 
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time and the numerous evaporations in vacuum are not convenient 
in series analyses. 

For our purpose, by the study of the transamination, the author 
has therefore tried to alter the present methods in such a way that 
they are suitable for series determinations of alanine, glutamic 
and aspartic acid, and the amounts of analysed substance are 
reduced as much as possible. 

In the following pages a chromatographic method using alu- 
minium oxide as adsorbent is outlined, which makes the deter- 
mination of 5 — 30 micromols of the above-mentioned amino acids 
possible. 

The amount of amino acid is computed from the nitrogen con- 
tent of the eluate by the micro-Kjeldahl method. 

Experimental. 

First an attempt was made to carry out the analysis on a smaller 
scale by titration of the amino acids in alcohol. This gave satis- 
fying results too, with regard to the accuracy, especially if thy- 
molphthalein is used as indicator, and the endpoint of the titration 
is fixed by an indicator control. Also titration in acetone according 
to Linderstr0M-Lang (1927) gave good results in the case of 
neutral amino acids. 

On the other hand it was impossible to titrate the aminodicar- 
bonic acids because some of the aluminium oxide is dissolved by 
treating with potassium hydroxide solution, which disturbs the 
titration. This is not in accordance with the statement of WiE- 
LAND (1942) who does not, however, present experimental data. 
For that reason and because the evaporations in vacuum require 
much time and attention, the ' author tried to determine the 
amino acids in the eluates by the micro-Kjeldahl method. A con- 
dition is, that the reagents particularly the adsorbent, only con- 
tain a negligible amount of nitrogen. This is the case of aluminium 
oxide puriss. (Merck). The content of soluble nitrogen is deter- 
mined in the following way. 2 g AI2O3 previously treated as de- 
scribed later are eluated with 50 ml distilled water and then with 
50 ml 0.05 N potassium hydroxide. The eluates are collected se- 
parately in 100 ml destruction flasks. The nitrogen content is 
determined as described under the analytical procedure. Simul- 
taneously the nitrogen in 50 ml water and 50 ml 6.05 N potassimn 
hydroxide are determined. They serve as blanks for respectively 
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aqueous and basic eluates. The analyses gave the values 0.002 mg 
water-soluble N and 0.000 mg alkali-soluble N in 2 g aluminium 
oxide. In order to obtain blanks as small as possible it is necessary 
to employ the purest analj'tical reagents, if convenient for very 
exact determinations solution in NHj-free water. 

The adsorptive power of the preparation is determined as follows. 
A series of adsorption columns of 2 g aluminum oxide are prepared. 
To these are added varying amounts of a glutamic acid solution 
containing 2 mg per ml. After rinsing with 10 ml distilled water 
the glutamic acid adsorbed is determined. It was found that up 
to 4.4 mgcNDSO micromols glutamic acid are completely recovered. 
Amounts above 30 micromols are only incompletely recovered. 


Aiiparntnre. 

A glass tube 450 mm long and inside diameter of 7 — 8 mm is 
used as adsorption tube. In a distance of 100 mm from the bottom 
it is pro\*ided with a constriction, which is easily made in a sharply 
pointed flame. The tube is placed in the rubber-stopper of a cy- 
lindric glaijs, which is large enough to contain a receiver of 70 ml. 
Several columns are connected to the suction pump by a system 
of stop-cocks, as shown in the figure. 



Fig. 1. 
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Analytical Procedure. 

A. Separation of Glutamic Acid and Aspartic Acid 
from the Neutral Amino Acids. 

Prefaration of Adsorption Column. 2 g AI2O3 are shaken 5 min. 
with 6 ml N HCl. When the aluminium oxide has settled the super- 
natant fluid is removed by suction. Then the precipitate is shaken 
repeatedly with water until the water reacts neutral (litmus). 
The aluminium oxide, so treated, is washed with water into the 
adsorption tube, which is provided with a cotton plug at the con- 
striction. When the aluminium oxide has settled the fluid is sucked 
off until only a few mm water are remaining above the column. 

Adsorption of Amino Adds. The analysis, or perhaps the filtrate 
from a trichloroacetic acid precipitation, is pipetted with a semi- 
automatic pipette, Levy (1938), into a small test tube. One drop 
of phenolphthalein is added and KOH-solution until a slightly pink 
colour appears. The analysis which is to contain 0.5^ — 4 mg amino- 
dicarbonic acid, is transferred quantitatively into the adsorption 
tube by means of a Pasteur-pipette, glass and pipette being rinsed 
a few times with small portions of water. The analysis is now sucked 
through with a rate of one drop per 2 sec. and collectedin the recei- 
ver (a vacuum of about 30 — 40 mm Hg is suitable). The column 
is rinsed with 15 ml water. This fraction contains the neutral and 
basic amino acids. 

Eluation of the Aminodicarhonic Adds. The receiver is now 
changed and the eluation with 3 ml 3NKOH-{-20ml0.05NKOB[ 
is undertaken and the column is sucked dry. This fraction contains 
the aminodicarhonic acids. A blank on pure water is run simul- 
taneously in exactly the same manner. 

Nitrogen Determination. The fractions are transferred quantita- 
tively into a 100 ml destruction flask. The solution is acidified with 
diluted sulfuric acid and then 1 ml cone. HsS04, containing sele- 
nium as catalyst, is added. The water is evaporated over a small 
flame and the destruction is continued as usual; ammonia is 
distilled off in a micro-Kjeldahl apparatus. In the receiver are 
pipetted 10,00 ml 0.0100 N HGl. The excess of hydrochloric acid 
is determined iodometrically with 0.05 N sodium thiosulfate. A 
micro burette of 3 ml, graduated in 0.01 ml is used. 
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B. Separation of Glutamic and Aspartic Acid. 

An, adsorption column of 5 g AI2O3 is prepared in analogy with, 
the procedure previously described. The activation is, however, 
performed with 15 ml N HCl. The neutralized analysis containing 
not more than 10 mg dicarbonic acid is transferred quantitatively 
to the column. Then is rinsed with 30 ml water. In the wash fluid 
the neutral amino acids are determined. Glutamic acid is eluated 
with 55 ml 0.5 N acetic -f 10 ml H2O, and the aspartic acid with 
5 ml 3 N KOH -j- 40. ml 0.05 N KOH. The column is then sucked 
dry. Nitrogen determination is carried out as described above. 

In the table the results of some analyses on mixtures of amino 
acids are given. 

TaWe 1. 

The determinations are carried out on I.045 ml solution. 


mg Amino acid 
per 1.045 ml 
mixture 

Glutamic 

acid 

found 

mg 

A 

A 

in % 

Alanine 

found 

mg 

A 

A 

in % 

4.2c mg gl. ac. 

4.29 

4.20 

+ 0.03 
— 0.06 

+ 0.7 
— 1.4 

— 

— 

— 

2.13 mg gl. ao. 

2.12 

2.08 

— 0.01 
— 0.04 

— 0.5 

— 1.9 

— 

_ 

— 

0.7 02 mg gl. ac. 

0.71 0 
0.C74 

+ 0.008 
— 0.028 

4-1.1 
— 4.0 

— 

— 

— 

2.27 mg gl. ac. 
4.56 mg al. 

2.30 

2.25 

4- 0.03 
— 0.02 

41.3 

— 0.9 

4.53 

4.48 

~0.03 
— 0.08 

— 0.7 

— 1.8 


Glutamic 

acid 



Aspartic 

acid 



3.82 mg gl. ac. 
3.10 mg as. ac. 

3.89 

3.73 

+ 0.07 
— 0.09 

41.8 
— 2.1 

3.07 

3.15 

— 0.03 
4 0.05 

— 1.0 
“f* 1»G 

3.82 mg gl. ac. 
1.55 mg as. ac. 

3.80 

3.75 

— 0.02 
— 0.07 

— 0.5 

41.8 

1.50 

1.57 

— 0.05 
4 0.02 

— 3.2 
41.3 

1.83 mg gl. ac. 
2.14 mg as. ac. 

1.83 

1.86 

± O.oo 
-f- 0.03 

4 O.o 

4 l.G 

2.10 

2.13 

— 0.04 
4 O.Ol 

— 1.9 

— 0.4 


In order to obtain the greatest possible accuracy it is necessary 
to observe the amounts of eluation fluids as closely as possible to 
eliminate the errors arising from the nitrogen content of the rea- 
gents, and carry through a uniform performance of the separate 
determinations. It is of great importance that the column never 
should be sucked dry between the different operations. Provided 
the determinations are carried out on deproteinized solutions, 
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sodium tungstate and sulfuric acid must not be used for tbe pre- 
cipitation of proteins, as this involves an increased adsorption 
of tbe acid amino acids, whereby only a very incomplete eluation 
is obtained with tbe amoimts of fluid employed. Tbe accuracy of 
tbe method by careful performance is only depending on tbe accu- 
racy of tbe micro-Kjeldabl method. 

Summary. 

On tbe basis of previously reported works by Tueba and Wie- 
LAND a cbromatograpbic method for tbe quantitative separation 
and determination of glutamic acid and aspartic acid in a mixture 
of amino acids has been outlined. Tbe method allows tbe deter- 
mination of 5 — 30 micromols amino acids with tbe same accuracy 
as a micro-Kjeldabl determination. Tbe method is especially 
apt for series analyses. 

This work has been aided by a grant from tbe “Kong Christian 
X’s Fond”. 
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The Presence of a Gastric Secretory Excitant 
in the Human Gastric and Duodenal Mucosa. 

By 
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From experiments on animals it is supposed that the HCl- 
secretion of the human stomach is initiated and maintained, at 
least, partially by the co-operation of a pyloric hormonal mechan- 
ism. However, deductive experimental evidence in favour of this 
view has scarcely been presented. A few mainly older clinical ob- 
servations indicate that after a test meal the gastric secretion is 
abolished or considerably reduced on resection of the pyloric region 
(ScHUB and Plaschkes 1915, Lorenz and Schur 1922, Kxein 
1927). Later investigators, among others Wangensteen and 
co-workers (1940) deny that the secretory behaviour of the human 
stomach changes fundamentally after removing the pyloric region. 

Amaion and Liai (1923), using a "secretin” extraction method 
and the method of Dale and Laidlaw (1912) for preparing 
"gastrin”, found either little or no "gastrin” in the human post- 
mortem pyloric mucosa. Ivy and Oberhelaian (1923) used the 
method outlined by Keeton and Koch (1915) for preparing 
"gastrin”. Given subcutaneously to Pavlov-pouch dogs their 
preparations from human post-mortem pyloric and duodenal 
mucosa stimulated the HCl-glands. 

Koaiarov (1938, 1942) and Uvnas (1942, 1943) reported the 
existence of a protein-like secretory excitant in the pyloric mucosa 
of cats, dogs and pigs. The agent was assumed to be identical with 
the gastric hormone, the existence of which was first supposed by 
Edkins 1906. Since an investigation of the distribution of this 

7 — i525-i6. Acta jtliys. Scandinav. Vol. 10. 
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secretory principle in the human stomach might throw light on 
the hormonal control of gastric secretion,, we have examined the 
stomach mucosa of some surgical cases for its content of the secre- 
tory agent. In addition we investigated the secretory activity of 
some preparations from human post-mortem gastric and duodenal 
mucosa. 


Experimental. 

The resected portions of stomachs from recently operated patients 
were kept in the ice box and transferred to the laboratory within 1 — 2 
hours. The post-mortem material was usually obtained within 10 — 36 
hours of death. The gastric mucosa was artificially divided into three 
portions — the pyloric, the boundary and the corpus region. The pyloric 
region comprised the mucosa to within about 4 — 5 cm from the pylorus, 
the corpus region the mucosa above the angular incisura except the 
distal half of the lesser curvature, and the boundary zone the mucosa 
between the pyloric and the corpus regions. 

The active principle Was extracted according to a modification of 
the method devised by Munch-Petersen, Roknow and XJvnas (1944); 
The mucosa was scraped off and boiled for 20 minutes in 10 volumes 
of N/IO HCl. Next day the material was filtered through gauze. N NaOH 
was added to the acid filtrate, to a pH of 3 — 4. Precipitated inactive 
material was removed by centrifuging. Inactive material was further 
precipitated by adding N NaOH to a pH of about 8. After centrifuging, 
the solution was acidified with N HCl to a pH of 3 — 4 and the active 
material precipitated with the same volume of 20 per cent trichlor- 
acetic acid or 5 ml 5 per cent tannic acid solution. The active material 
was repeatedly washed in acetone and ether and dried in the air. 

The secretory activity of the preparations was tested by slow intra- 
venous injection for 30 minutes on anesthetised cats as devised by 
UvNAS 1945, the secretory response during 60 minutes after the be- 
ginning of the injection being taken as a measure of the activity of the 
preparations. 


Eesalts. 

AlS seen in table 1 the pyloric naucosa from 4 cases of duodenal, 
5 cases of gastric and 1 case of malignant gastric ulcer was exam- 
ined for its content of a gastric secretory agent. All preparations 
except one caused a marked gastric secretion. In 2 cases of gastric 
carcinoma the one preparation was active, the other inactive. 
On the other hand practically no activity was observed in the 
preparations of the corpus mucosa. In only 2 out of 10 cases was 
an insignificant secretion obtained. The other preparations were 
quite inactive. The mucosa of the boundary zone holds an inter- 
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Table 1. 


1 




Mucosal region 

■ 

No. 

Case 

Age 

Sex 

Pyloric 

mncosa 


Bound- 

ary- 

zone 

mncosa 


Corpus 

mucosa 

dP 

Final 

pre- 

cipi- 

tant 





Mucosa 

(wet) 

g 

Secre- 

tion 

ml 

Mucosa 

(wet) 

g 

Secre- 

tion 

ml 

Mncosa 

(wet) 

g 

Secre- 

tion 

ml 

M4 

Duodenal ulcer 

33 

M 

12 

6.8 



11 

1.4 

tr. ac. 

M6 

it tt 

36 

F 

10 

16.1 

21.5 

1.2 

10 


tr. ac. 

M7 

C( « 

55 

F 

12 

4.0 

9 

2.1 

13.6 

0 

tr. ac. 

M9 

<1 t( 

25 

M 

7 

17.0 

4 

5.1 

8 

0 

tr. ac. 

M8 

Gastric “ 

55 

M 

10 

6.5 

— 

— 

19 

0 

tr. ac. 

M23 

Ct U 

52 

M 

2 

1.8 

2 

3.3 

2 

0 

ta. ac. 

M26 

t( (( 

35 

F 

3 

10.2 

— 

— 

3 

0 

ta. ac. 

M27 

tt li 

23 

M 

3 

3.0 

— 

— 

3 

1.8 

ta. ac. 

M29 

tt tt 

45 

M 

— 

— 

3 

9.2 

3 

0 

ta. ac. 

M18 

Malignant 
gastric ulcer 

46 

M 

3 

11.2 

3 

0 

3 

0 

ta. ac. 

M19 

Gastric car- 
cinoma . . . 

75 

M 

3 

3.0 

6 

0 

— 

— 

ta. ac. 


tt tt 

52 

M 

12 

0 

8 

0 

— 

— 

tr. ac. 


Tr. ac. = trichloracetic acid. ta. ac. = tannic acid. 


mediary position. Out of 8 preparations 3 were inactive, 2 evoked 
an insignificant secretion and 3 a distinct gastric secretion. 

The post-mortem pyloric mucosa from 24 patients suffering 
from different diseases was examined. 6 preparations were inactive 
and 4 slightly active, while the remaining 14 evoked a marked 
gastric secretion. Due to the post-mortal changes of the corpus 
mucosa, this section was generally not examined. 5 preparations 
produced from the corpus were all inactive, as were also 4 prepa- 
rations from the boundary zone mucosa. 

Out of 15 duodenal preparations 9 were inactive, 3 showed an 
insignificant activity, and only 3 were slightly but distinctly 
active. 

Discussion. 

The investigated surgical material is rather small, but it defini- 
tely shows that the human gastric mucosa contains a gastric 
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secretory principle obtainable in tbe way outlined by Munch- 
Petersen, Eonnow and ITvnas for isolating a secretory agent 
from tbe pyloric mucosa of cats, dogs and pigs. Our observations 
are too few to permit definite conclusions about tbe distribution 
of tbe secretory principle, but they strongly indicate tbat tbe 
principle is chiefly if not entirely localized into tbe pyloric mucosa. 

Tbe secretory principle isolated by us is not identical with tbe 
“gastrin” obtained from post-mortem pyloric and duodenal 
mucosa by Ammon and Lui or Ivy and Oberhemian. As pointed 
out by these authors as well as by Dale and Laidlaw and Koch, 
Ltjckhardt and Kbeton (1920), tbe "gastrin” and “gastrin 
bodies” extracted by their methods are histamine or some related 
imidazol derivates. Tbe secretory principle extracted by us is a 
protein-like substance. 

According to Miyagava (1921) and Debeyre (1924), tbe 
“pyloric” glands in man occupy an area corresponding to 4.5 — 5.5 
cm on the lesser curvature and 4.0 cm on the greater curvature. 
We have not intended to co-ordinate tbe histological structure or 
tbe mucosa with tbe presence of tbe secretory principle, but ouf 
experience is not contradictory to tbe opinion tbat tbe secretory 
principle is localized in tbe mucosa containing “pyloric” glands. 

As discussed in previous papers from our laboratory, tbe pyloric 
secretory principle is probably identical with tbe gastric hormone, 
gastrin. This being tbe case, it will be desirable to resume tbe 
clinical investigations of tbe human gastric secretory mechanism. 
As mentioned above, later investigators in this field usually claim 
tbat the secretory behaviour of the human stomach is not altered 
after resection of tbe pyloric region. As far as we can see most of 
these experiments are inconclusive, however. Many workers 
(e. g. Wangensteen and co-workers) use alcohol and histamine as 
stimulating agents, both of which stimulate the HCl-glands directly 
without involving any pyloric hormonal mechanism. Usually only 
the acidity of the gastric secretion was determined, and never was 
the possible role of the intestinal phase taken into consideration. 

As clinical gastric analysis was performed only in a few of our 
cases, any quantitative correlation between the mucosal content 
of the secretory principle and the secretory function of the stomachs 
must be omitted. This problem will be dealt with in later e:qieri- 
ments. 

Of great interest is the presence of a secretory agent in the 
duodenal mucosa. It is true that out of 15 preparations 9 were 
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quite inactive and only 3 significant!)’- active. But owing to tlie 
fact that tlie secretory agent is rapidly destroj^ed by trj-psin, it 
is rather surprising that the agent does not quite disappear soon 
after death. It has been discussed whether the intestinal phase of 
gastric secretion is mediated in a humoral or a hormonal way. 
Komarov reports that a gastric secretory principle can be obtained 
from the duodenal mucosa of pigs. We have not been able to con- 
form this result. The pj'esence of gastrin in the duodenal mucosa of 
man might indicate that the intestinal phase is mediated in a 
hormonal way. 

Summary. 

A protein-lDce gastric secretory principle is found in the human 
pyloric mucosa. 


References. 

AMiiox, S. E., aud R. K. S. Lni, Brit. J. Exp. Path. 1923. 4. 27. 

Dale, H. H., and P. P. L.aidlaw, J. Physiol. 1910. 41. 318. 

DdBREYRE, A., Arch. d’Anatomy 1924. 3. 37. 

Edkins, J. S., J. Physiol. 1906. 34. 133. 

Ivy, a. C., and H. A. Oberhelman, Amer. J. Physiol. 1923 — 24. 6/. 
450. 

Keeton, R. W., and F. C. Koch, Ibidem 1915. 37. 481. 

Klein, E., J. Amer. mod. Ass. 1927. 69. 1235. 

Koch, F. C., A. B. Luckhardt, and R. W. Keeton, Amer. J. Physiol 
1920. 52. 508. 

Komarov, S. A., Ibidem. 1938. 36. 514. 

Komarov, S. A., Rev. Canad. Biol. 1942. 1. 191. 

Lorenz, H., and H. Schur, Arch. klin. Chir. 1922. 119. 239. 
Miyag.ava, Y., j. Anat., Bond. 1921. 55. 56. 

Munch-Petersen, X, G. Ronnow, and B. Uvnas, Acta Physiol. 
Scand. 1944. 7. 289. 

Schur, H., and S. Plaschkes, Mitt. Grenzgeb. Med. Cliir., 1915. 26. 795. 
Wangensteen, 0. H., R. L. Varco, L. Hay, S. Walpole, and B. 

Trach, Ann. Surg. 1940. 112. 626. 

Uvnas, B., Acta Physiol. Scand. 1942. 2. suppl. XIII. Diss. 

Uvnas, B., Ibidem 1943. 6. 97. 

Uvnas, B;, Ibidem 1945. In press. 



An Experimental Study of Disorders in the 
Permeability of the Cerebral Vessels C‘the Dlood- 
Brain-Barriei*”) Produced by Chemical 
and Physico-chemical Agents. 

By 

TORE BROMAN and A. M. LINDBERG-BROMAN.i 
Received 13 June 1945. 


Introd action. 

In vital-staining experiments Goldmann (1913) observed that 
trypan blue (trpb), •which quickly makes its -way from the blood 
into the tissues, is •unable to penetrate into the CNS® by this route, 
•whereas, injected into the cerebrospinal fluid, the dye passes 
without difficulty into the brain substance. Goldjiann’s obser- 
vations have later been verified by several investigators and 
have been proved to be valid also for other substances (dyes, 
drugs, toxins and others. Indeed, the existence of a special 
"mechanism” regulating the exchange of substances between 
blood and brain has been generally accepted, but opinions 
still differ -widely as to its nature and its localization. In- 
vestigations carried out by Spatz (1924, 1933), I'biedemann 
and Elkeles (1932, 1934), Broman (1940) and others seem to 
prove that the inhibitory effect is localized to the walls of the 
cerebral vessels and that it is coimected with the permeability of 
these vessels. This -view has lately received further support by 
investigations of the passage of different ions (Wallace a. Brodie 
1937, Krogh 1945). According to the conception of the BBB here 
outlined, -vital-staining of the CKS by means of trpb (or other 

^ The authors of the present study were enabled to perform their investigations 
at the Physiological Institutes of Lund and Stockholm by the courtesy of Profes- 
sors G. KIhlson and U. v. Eulee respectively. 

* Central Nervous System. 
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dyes of the same land) indicates a disorder in the permeability 
of the cerebrospinal vessels. 

Since trpb was shown not to pass the walls of the cerebral vessels 
during normal conditions, it seemed natural to use it as a “colour 
indicator” of cerebral vascular lesions. As far as we have found, 
Mackun and Macklin (1920) were the first to adopt this method 
in their study of mechanical lesions of the CNS, followed later on 
by Mendel (1928), Bellavitis (1929), Eiser (1929), Eussel 
(1929), ScHMD (1931) and others, who also investigated thermal 
lesions. In these cases it was mostly a question of gross injuries 
by external violence and staining of the brain might follow as a 
result of the bleeding. Thus, this cannot without further analysis 
be interpreted as depending solely on increased vascular perme- 
ability. 

In cerebral lesions caused by blood -borne agents other investi- 
gators have been successful in demonstrating disorders of the per- 
meability by means of the colour indicator method. Thus Skoog 
(1937) found in experiments on guinea-pigs with a sheep-hemolytic 
rabbit serum a vital-staining of the damaged area. As far as we 
have found, his publication constitutes the only investigation 
hitherto published concerning injuries to the BBB directly pro- 
duced by a chemical agent and analyzed by the colour indicator 
method. By the same method Broman (1938, 1940) was able to 
demonstrate an increased permeability in micro-embolic lesions 
of the cerebral vessels. 

All the investigators mentioned above have used essentially 
the same procedure in their experiments, viz.: 

1. A limited part of the CNS is injured. 

2. Dye is administered parenterally. 

3. After a suitable interval the animal is killed and its brain 
examined. Disorders of the barrier-function can then be observed 
through the staining of the damaged area, while other parts of 
the brain remain unstained and serve as a control that no source 
of errors has crept in unnoticed. 

Own Investigations. 

General disposition of tlie experiments. 

Our investigation is designed to be only a rough survey of the in- 
fluence of some chemical and physico-chemical agents on the BBB. 
The agents (see pages 105^ — 106) are rather arbitrarily chosen, and 
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the investigation does of course not aim at being complete. Stress 
bas been laid mainly upon methodological questions. It must be 
emphasized that the results obtained have bearing only upon the 
so-called ftorrier-function of the cerebral vessels, since it is possible 
to demonstrate by the colour indicator method only such dis- 
orders in the cerebral vascular permeability as involve an injury 
to the BBB. Therefore, our investigation gives no first-hand in- 
formation regarding the ability of the substances to penetrate into 
the CNS, nor about their effect on the nerve cells. 

We have used guinea-pigs, rabbits and cats, as is seen from the 
tables or described below. Eegarding all these species earlier in- 
vestigations have shown that tipb never penetrates into the CNS 
unless there is an injury to the BBB. In every case the barrier- 
function was tested by means of tipb according to the colour 
indicator method elaborated by Broman (1938, 1941) or some 
modification of it. — After the different ways in which the agents 
were administered the experiments have been arranged into three 
series: 

I. Injection into the carotid artery. 

II. Local application on the pial vessels. 

III. Perfusion of the brain hemisphere. 

In the first series the agents were injected into the carotid artery 
according to principles laid down by Pobssman (1927) and by 
Friedemann and Elkeles (1931). The injected fluid mixes with 
the blood stream and follows it to the brain. After administration 
of trpb the animals were killed and the brains examined post 
mortem. — This procedure is technically simple and in most 
instances quite satisfactory as a routine method of examining 
experimental injuries to the BBB. T^Tien, however, the effect of 
chemical and physico-chemical agents is to be tested, it is evident 
that serious objections may be raised against this method, as the 
dilution with blood is unknown and varies from case to case, and, 
consequently, the actual concentration of the noxious substance 
cannot be obtained. 

In the second series we tried to escape this inconvenience by 
local application of the agents on the pial vessels, made accessible 
through a trephine opening. As shown by Broman (1941) these 
behave with regard to their permeability properties in the same 
manner as the intracerebral vessels. A possible passage of dye was 
controlled by intravital observations, and the minimum concen- 
trations, at which a damage of the BBB appeared were thus es- 
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tablished. — From a teclmical point of view tie arrangements 
present some difficnltieSj especially in small animals, wMcb, is 
why we mostly used rabbits and cats in these experiments. The 
method is, however, open to some criticism regarding the applica- 
tion of the agents. It is generally accepted that the permeability 
of the vessels is linked to the endothelial layer, and there are, as 
mentioned above, good reasons to suppose that such is also the 
case with the barrier-function. If so, the locally applied agent 
reaches the barrier membrane only after permeation through the 
adventitia and media; during this time it may still be diluted to 
an unknown degree (the degree of dilution being dependent on 
the rate of penetration); perhaps it may also be neutralized or 
counteracted by substances diffusing from the blood in the oppo- 
site direction. Thus the validity of the results may be more or less 
restricted. 

In order to bring a solution of known concentration into direct 
contact with the vascular endothelium we worked out another 
modification of the method and used it in the third series of ex- 
periments. The brain hemisphere was perfused for about a minute 
through the carotid artery at a pressure high enough to replace 
the blood by the test-solution. During the perfusion the pial 
vessels were observed directly in order to control that the blood 
had been effectively replaced by the perfusion fluid, and also 
afterwards to observe a possible passage of trpb out of the vessels. 

- — The main objection against this method is that the time of 
perfusion with toxic substances must not exceed a few minutes, 
if the animal is to survive. Probably an injury to the BBB could 
be brought about at lower concentrations, if the time of action 
could be prolonged as it is probable that several agents penetrate 
rather slowly into the walls of the cerebral vessels. There is also a 
possibility that different substances may diffuse from the brain 
into the vessels and counteract the effect of the agents. Perhaps 
it must also be taken into accoimt that the noxious effect of cer- 
tain agents in some way depends on the presence of elements which 
normally occur in the blood, as will be discussed below in connec- 
tion with the experiments concerning allergic reactions. 

The agents examined. 

1. Hypo- and hypertonic salt solutions. (Changes of osmotic 
pressure.) 

2. .Solutions of varying H-ion concentration. 
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3. Bile salts: sodium-glycocliolate, sodium-desoxycliolate. 

4. Ethyl alcohol. 

5. Toxins: a) bacterial: diphtheria,^ tetanus^ and staphylo- 

coccus® toxins; 

b) animal: cobra® and bee venoms. 

6. Substances acting on the vascular walls: 

adrenaline, acetylcholine, 

histamine, Witte peptone. 

7. Substances with allergic effect: 

a) antigens: horse serum, ovalbumin; 

b) EoRSSMAN-antibodies: sheep-hemolytic rabbit serum* 
(in guinea-pigs). 

ad (3) Bile salts were examined because of their known ability 
of increasing the permeability of membranes. 

ad (5). Ebiedemann and Elkeles (1934) have shown that 
diphteria, tetanus and probably also staphylococcus toxins cannot 
pass from the blood into the CNS, while cobra venom easily does 
so. We thought it of interest to supplement their statements with 
an analysis of the influence which these toxins may exert on the 
BBB. 

ad (6). Adrenaline was submitted to renewed examination as 
one of us has found in earlier experiments on guinea-pigs that it 
sometimes injured the BBB (Brojlan 1940). — Histamine is 
known to increase strongly the capillary permeability in other 
parts of the body, rendering the capillary wall permeable to plasma 
proteins. Eor this reason it seemed probable that histamine 
would injure the barrier-function too. — Witte peptone resembles 
in many respects histamine in its poisonous effect upon capillaries. 
“Peptone shock” may give almost the same symptoms as hista- 
mine shock (and anaphylactic shock). 

ad (7). A priori it also seems plausible that allergic reactions 
may alter the frmction of the BBB, as an increase of the capillary 
permeability is an outstanding characteristic of allergic conditions 
in other organs. Experimental evidence concerning this matter 
has been furnished by Skoog (1937) in his investigations of 
cerebral symptoms in guinea-pigs induced by “reverse anaphy- 
laxis” (Forssman’s carotal syndrome). 


* Kindly put to our disposal by Statens Bakt. Lab. 

2 » D s > » » » prof. Eoessman. 

=> » » » » » » » Hamsiabsten. 

» » Lindau and doc. G. Hammaesten. 


4 
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The first series of experiments. 

Mostly guinea-pigs were used, and only a few experiments were, 
for special purposes, performed on other animals (rabbits, cats, 
dogs). Solutions of varying H-ion concentration were not tested 
with this method. 

In guinea-pigs the injection of the noxious agents was performed 
according to Forsslian (1926) and Skoog (1937). Under local 
anaesthesia or narcosis (ether or urethane) the right carotid artery 
was tied distally. 0.5 — 1.0 ml. of the test-solution was injected 
during 15 — 25 sec. into the artery in centripetal direction {i.e. 
into the proximal part of the artery). Thus injected, the main 
part of the fluid will follow the blood stream through the right 
subclavian artery and part of it pass through the right vertebral 
artery to the brain stem. When the injection is given under local 
anaesthesia the animal may be released afterwards and examined 
for possible cerebral symptoms (Forssman’s carotal syndrome). 
The dose of the tested substances was increased until damage of 
the vascular permeability function was attained or general toxic 
symptoms made the use of higher concentrations impossible. A 
satiurated solution of trpb in saline was then administered intra- 
venously imder narcosis in an amount of 10 — 20 ml. Artificial 
respiration was resorted to in cases of impendmg respiratory failure 
— a fairly common complication with guinea-pigs, even if the dye 
is given very slowly. After an interval of at least 10 min. from the 
beginning of the infusion of the dye the animal was killed by 
bleeding (the chest was opened and the heart cut up), and the 
content of the cerebral vessels thoroughly washed out by immediate 
perfusion with saline solution through a cannula inserted into the 
thoracic aorta, followed by a 20 per cent formaldehyde-solution 
in order to get the brain fixed in situ. The perfusions were per- 
formed at a pressure of about 100 cm. of water, the amounts of 
fluid being 100 ml. respectively. The brain was then removed 
and examined macroscopically. The result is considered positive 
when the region supplied by the right vertebral artery is stained. 
Sometimes frozen sections were made for microscopic control. 

In oilier animats the injection was made with a fine cannula di- 
rectly into the blood stream in the non-ligated carotid artery. By 
this route the agent reaches the cerebral hemisphere. The amoxmts 
of trpb and of perfusion fluids were increased in relation to the 
body weights of the animals. 
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Resnlts. 

Table 1 a. 


Animal 

Agents 

Conc.% 

Cerebral 

symptoms 


Notes 

1. 2 

Aq. dest 



0 

0 

inj. of 10 ml/2 min 

3 

Sodium chloride 

10 

? 

0 


4 

» » ■ 

20 

+ 

+ 


5 

Sod. glycooho- 






late . 

2 

0 

0 


6 

» 

10 

+ 


cerebral edema a. 






stasis 

V 

Sod. desoxycho- 






late 

0.5 

(narcosis) 

+ 

9 9 9 

8 


2 

+ 

+ + 

' s> r> » 

9 

Ethyl alcohol . . 

50 

0 

0 


10 


70 


+ 

\mcertain cerebral 






edeina 

■11' 

» ■ 0 .... 

96 

+ 

.++ 

.9 .9 

12, 13 

Diphteria toxin 


0 

0 


14, 15 

Tetanus toxin. . 


0 

0 


16 

1) 1> . . 

O.OOl ml 


■ 0 

tetanus after 2 days; 



s.c. 



inspection also of 






■ spin', cord 

17—19 

Staphylococcus 



. 



toxin 


0? 

0 


20 

Cobra venom . . 

0.07 

(narcosis) 

.++ 

no cerebral edema or 






stasis 

21 

'!> » , . 

0.1 

4- 

++ 

» . »> 

22 

Bee venom .... 

0.1 

0 

0 


23, 24 

» » ‘ .... 

0.1- 

+ 

-1- 

cerebral' edema a. 






stasis 

25, 26 

Adrenaline .... 

0.02 

(narcosis) 

4- 

dotted staining of 






■whole CNS 

27 

» .... 

0.O2 

» 

0 


28—30 

Acetylcholine . . 

0.1—5 

0 

0 


31 

Histamine .... 

0.005 

(narcosis) 

0 ■ 

' ether-narcosis before 






inj. 

32 

» .... 

0.05 

)> 

0 

urethane-narcosis 






before inj.' 

33, 34 

» .... 

O.oi 

9 

0 . 

ether-narcosis after 






inj. 

•35, "36 

» . . . ; 

0.005— 

0 

0 

no narcosis 



0.05 



(symptoms of 






shock in all cases) 

37, 38 

Witte peptone . 

5 

0 

0 . 

symptoms of shock 


Table 1 b. 



Species 

Agents 

Cone. % 

Narcosis 

Staining 

Notes 

1--3 

Rabbit 

Adrenaline 

. 

0.1— 0.2 

Urethane 

0 

2 — 5 injections 

. 4, . 5 

Cat 

9 * 

0.1 — 0.2 

Chloralose 

0 

2 » 

. 6—8 

9 

Histamine 

0.1—10 

■ 

.Chloralose 

0 

2- — 1 *■ . 

symptoms of 
shock. . - 
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Animal 



Conc.% 

Narcosis 

staining 

Notes 

9, 10 

Cat 

'Hiataniine 

1—20 

Ether 

0 

2 — 4 injections, 
symptoms of 
shock 

11, 12 

Dog 


2—5 

Chloralose 

0 

2 — 3 injections, 
symptoms of 
shock 


The second series of experiments. 

These experiments -were as a rule performed on rabbits and cats, 
guinea-pigs being less suitable on account of the technical diffi- 
culties of the method. 

Under narcosis (ether, urethane) the skull was trephined on one 
side and the dura removed. Great care was taken not to injure the 
pial vessels; the surface was at intervals moistered with Ringer^s 
solution. Through a cannula inserted into the femoral vein trpb 
was .infused, continuously during the experiment (lasting ^/a — 1 
hour), the total amount of liquid varying from 75 — 200 ml. in ani- 
mals weighing 1,500 — 3,000 gm. 

The test-solution was brought into contact with the pial vessels 
either by dropping or by means of a cotton-wool pellet soaked 
with the liquid and cautiously placed on the pial surface. The 
agent was usually allowed to act for one minute, but in some cases 
the contact was prolonged to 10 minutes. Afterwards the brain 
surface was carefully inspected for some minutes through a micro- 
scope at a magnification of about 50 X; in most cases, however, a 
magnification of about 10 X proved to be quite sufficient and 
could be obtained by an ordinary lens. 

A positive result is indicated when the tissue around the vessels 
is stained; scattered cells with deep blue colour are often seen 
against a more diffusely stained background. Sometimes the dye 
is actually seen to "explode” out of the vessels within a few se- 
conds; if the damage is less pronounced on the other hand, one 
minute or two may elapse before a slight staining can be noticed. 
— Post mortem examination was usually not undertaken. 

There is often enough a tendency to cerebral edema in these 
experiments and attention must be paid so that the brain does 
not become incarcerated in the trephine opening with an ensuing 
obstruction of the veins, as the BBB-function would then be 
seriously impaired^ This is most easily avoided by making the 
trephine opening as large as possible. — The window techmque 
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does not offer any great advantages in this respect and is further- 
more unnecessary, as no determination of the vascular calibre is 
intended; the air has no marked influence upon the barrier-func- 
tion and pressure conditions are of no importance as long as there 
is no stasis. Without a window there is also a possibility of getting 
the injury localized to only a part of the free surface, the other 
part being used for comparison in doubtful cases. This is of some 
value for determining the minimum concentration with injurious 
effect. 


Results. 




Table 

2. 



Animal 

Species 

Agents 

Concen- 

tration 

Stain- 

ing 

Notes 

1—5 

Rabbit 

Aq. dest 


i 0 

time of applic. 1 — 





10 min. 

6—8 

flat, 

J> tf 

- ■ 

0 

» If 1 

9—11 

Rabbit 

Sodium chloride 

3%, 5% 

0 




1> )> 

10%, 20% 

- 1 . 

6 


12 

ft 

» » 

5%, 6%, 

! 




7% 





» » 

8%, 9%, 

■f 





10% 


1 

13, 14 

Cat 

» » 

10% 

0 





15% 

•4- 


15 

Rabbit 

Citrate/HCl- buffer sol. 

pH 3. 2, 1 

6 


16 

» 

r> » 

pH 1 

0 




Lactic acid 1% in aq. 

dest 

Acetic acid 1% in aq. 

0 





dest 


0 


17, 18 

Cat 

Citrate/HCl-buffer sol. 
Lactic acid 1% in aq. 

pH 1 

0 



1 

1 

dest 

Acetic acid 1% in aq. 


0 




dest 


0 


19 

Rabbit 

Borate/NaCl-buffer sol. 

pH 8, 9 

0 





pH 10 

+ 

osm. pr.=0.75% 

20 

1 » 

NaHCOa 1% 

pH about 8 

0 




NaCl 



9/lONaHCO, 1%1 
l/10Na,CO,l% /••• 

pH » 9 

0 

» & 


i 

Na,CO, 1% 

pH » 10 

-h 


21—23 

Cat 

Borate/NaOH-buffer 

0 




sol 

pH 8, 9 





pH 10 

9 




J> 1 > 

pH 11 



24, 25 

Rabbit 

Sod. glycocholate .... 

17oo 

6 




» » .... 

5Voo» 



26, 27 

Cat 

)> D .... 

1 7oo 

0 




» » .... 

5 %o 

1 
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Animal 

Species 

28 

Rabbit 

29, 30 


31 

Cat 

32, 33 

Rabbit 

34. 35 


3G-38 

Cat 

39, 40 
41, 42 
43. 44 
45-47 

Rabbit 

> 

» 

* 

48 

» 

49, 50 

f 

51—53 

» 

54 

55 

Cat 

Guinea 

5G,.57 
58, 59 

Rnbbit 

» 

60—63 

» 

64-08 
69, 70 

Cat 

Rabbit 


Agents 


Sod. dcsoxycholntc 

» » 

f » 

» # 

» # 

» 9 

Ethyl alcohol 


> » 

» » 

Diphteria toxin 

TetanviB toxin 

Staphylococcus toxin. 

Cobra venom 

» > 

» * 

* » 


» » 

Bee venom 

Adrenaline 


Concen- 

tration 

(Stain 

1 ing 

1 '/ 

A /oo 

0 

5 ®/«o ; 

6 

1 »/» i 

0 «, ! 
- /eo 

(+) 

3 */»«• 5 “/oo 

-j- 


0 

10 »/.» 

-b 

10%, 25%. 

0 

50% 

10%. 25%, 

0 

30% 

40%. 50%. 

i + 


20%. 25%.! 
30% ■ 

40% . 

«'>0% , 


"/"ot 2 “/eo 

3 "/to 


1- ’’/o6> 1 %> 
Bubst. 
Bubstnneo 



higher cone, not 
available 


Acetylcholine 1 1% 

* 10% in aq. 

dcst. 

. Bubstnnee 

Histamine 1%, 10%. 

Bubst. 

» substance 

Witte peptone substance I 


+ idiapedesis of red 
corpuscles 
0 1 — 10 min. 

0 '1 — ^10 min. 

0 10 min. 


Tlio third series of experiments. 

These experiments were mostly performed on rabbits (generally 
weighing kg.), and only in a few instances on cats or guinea- 
pigs. A cannula was inserted into the trachea under narcosis 
(urethane, dial). The carotid artery was laid hare on one side and 
ligated. Another cannula was inserted into its distal (cranial) end. 
The skull was then trephined over the hemisphere of the same 
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side. The dura was left intact, if it was possible to observe the pial 
vessels through it (often possible in rabbits, seldom in cats). 

The test-solutions were infused via the carotis-canimla at a 
pressure a little above the blood pressure by means of a reservoir 
which could be elevated. The pial vessels were observed during 
the perfusion which as a rule lasted for 1 minute and could be 
repeated several times, if the solution was not too injurious. In 
order to prevent the toxic substances from entering the general 
circulation, the blood from the jugular vein of the same side 
was allowed to run out during the perfusion. In case of respiratory 
failure artificial respiration was performed. 

Immediately after the perfusion, when the animal’s own blood 
was again flowing through the brain, 50 ml of trpb was infused 
intravenously for about 5 minutes. The brain surface was inspected 
as in series 2. "When there was any passage of dye or if the animal 
died, the experiment was finished as in series 1 in order to make a 
post mortem examination possible, too. 

A positive result, observed intravitally, can thus be verified by 
post mortem examinations of brain sections. Usually one finds tbe 
whole hemisphere blue and sometimes also a part of or the whole 
other hemisphere and the brain stem (due to high perfusion pres- 
sure). 

Substances which gave negative results in the previous series 
were not tested with this method. Exceptions were made for aqua 
destiUata and acid solutions, as it could be suspected that the nega- 
tive results were caused by methodological circumstances (dilu- 
tion with blood etc.). Bee venom was not available in quantities 
big enough for any experiments in this series. 


Results. 


Table 3, 


Animal 

Agents 

Concentra- 
tion, time of 
application 

Stain- 

ing 

Hotes 

1—3 

Aqua destiUata 

min,.l min 

0 

cerebral edema 

4 

9 » .... 

2 min 

? 

cerebral edema, passage of 


» .... 

3 min 

4 “ 

5—8 

Sod. chloride .....: 

2% 

0 

dye only around intrace- 
rebral arteries 


& t 

5%. 6% 

+ 

scattered .areas of staining 

9 

Phosphate-buffer 
sol 

pH G 

0 
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Animal 

Agents 

Concentra- 
tion, time of 
appli action 

Stain- 

ing 

Notes 

10 

11 

Citrate/NaOH-buffer 

sol 

Citrafe/HCl-buffer 

si 

* » 

Acetic acid 1% 

pH 5.2 

pH 4.5 
pH 4.0 
pH 3.2 

0 

0 

4- 

++ 

osm.pr.=0.75% NaCl 

12 

NaHCO, 1% 

pH about 8 

0 

13 

9/iONaHCO, 1%1 

pH » 9 

pH » 10 

0 


14 

l/10Na,CO,l% r 
Na-CO, 1%-.. . . . , . . 

+-b 

9 9 

15 

Sod. glycocholate . . 

0,1 o/oo 

0 


16 

» » 

l“/oo 

0.5 “/oo 

+-f 

+ 


17 

Sod. desoxycholate . 

0.2 »/oa 

0 


18 


1 ‘’/oo 

0.4 -/cc 

+-i- 

? 


19, 20 

Ethyl alcohol 

0.7 "/co 

1%. 10% 

-f+ 

0 

15% — sudden death 

21 

» & 

20% 

9 

sudden death 

22 

» » 

1%.5%.10% 

6 

exp. on cat 

23 

* i> 

15% 

-I-+ 

9 9 9 

24—26 

CJnhrft, vpTinTn 

0.1 Voo 

0.3 **/oo» 5 °/oo 

0 


» » 


sudden death 


Experiments with allergic lesions. 

As mentioned in the introduction Skoog has demonstrated a 
disturbance of the cerebral vascular permeability in experiments 
vdth reverse allergy. His experiments were performed in accord- 
ance with the method used in our first series. We have here renewed 
his e^eriments with special regard to the localization and dura- 
tion of the disturbances. We have moreover added some experi- 
ments according to the methods in our series 2 and 3. Since ex- 
periments with reverse allergy can hardly be made on other 
laboratory animals than guinea-pigs, we have used only this 
species. — The results are shown in tables 4 a, b, c. 

We have also tried to produce disturbances of the cerebral 
vascular permeability by the usual allergic reactions. After sen- 
sitizing the animals — guinea-pigs or rabbits — - with horse serum 
or ovalbumin, we tried to provoke an allergic reaction in the bram 
by local application of the antigen ‘on the pial vessels or injection 
into the cerebral arteries or into the brain substance. The results 
are shown in tables 5 a, b, c. 

8 — i52546. Ada phys. Scandinav. ToJ. 10. 
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Results. 

Table 4 a. 


Animal 

No. 

Cerebral 

symptoms 


Staining 

Locali- 

zation 

Bleedings 

1 

(narcosis) 

2 min 

+ + + 

Ccmpo 

0 

2 


5 & 

+ + + 

P 

0 

3 

+ + 

10 » 

H — h + 

P 

0 

4 

+ + 

20 » 

+ + + 

» 

0 

6 

+ + + 

1 hour 

+ + + 

Cmpo 

0 

6 

+ + 

IVs » 

+ + + 

» 

0 

7 

++ 

4 » 

+ 

P 

+ 

8 

+ 

4 » 

0 


0 

9 

+ + + 

7 » 

+ 

po 

+ 

10 

+ + 

11 » 

0 


0 


Sheep-hemolytic rabbit serum injected into the carotid artery on guinea-pigs 
ad modum Foessmak-Skooo. 

(C = cerebrum, c = cerebellum, m = mesencephalon, p = pons, o = oblon- 
gata.) 


Table 4 b. 


Animal 

Dilution of the senim 

Staining 

1,2 

1/1 

0 

3,4 

1/2 in heparinized guinea-pig’s plasma 

0 

5 

1/2 » » » blood 

0 

6 

1/2 » guinea-pig’s serum 

0 

7 

1/2 » defibrinated guinea-pig’s blood 

0 


Sheep-hemolytic rabbit serum applied locally on the pial vessels of guinea-pigs. 


Table 4 c. 


Animal 

Amboceptor- 
concentration 
of the serum 

Dilution of the serum 

Staining 

Locah'za- 

tion 

1 — 3 

1 : 3000 

1/15 —1/5 in 0.9 % NaCl 

0 


4—6 

1 : 3000 

1/5 in heparinized guinea-pig’s 





plasma 

0 

— 

7 

1 : 5000 

1/5 » guinea-pig’s serum 

0 

— 

8 

1 : 3000 

1/5 » heparinized guinea-pig’s blood. 

+ 

C 

9 

1 : 5000 

1/5 » defibrinated » » 

++ 

Co 

10, 11 

1 : 3000 

1/5 » suspension of guinea-pig’s blood 





corpuscles in 0.9 % NaCl 

+ 



1 : 5000 

1/6 corpuscles in 0.9 % NaCl 

++ 

d I 


Sheep-hemolytic rabbit serum perfused through one hemisphere of guinea-pigs 
during '/s — 1 minute. 
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Tftl)lo 5 a. 


Animal 

Sensitizing dose of 
antigen 

Dose of antigen 
inj. in a. caret. 

Cerebral 

symp- 

toms 


Staining 

1—2 G 

1 ml s.c. 

O.G— 1 ml 10% 

0 

++ 

0 

3— 5G 

0 5, 15 or 50 mg i.p. 

0.5— 1.0 ml 5% 

0 

+ + 

0 

6— 9R 

hJ-j-l-fl^ ml s.c. 

2 ml 20% 

0 

-f 

0 

10, 11 R 

h 1 ml i.c. 

2 ml 25% 

0 

0 

0 


Injection of horse serum (h) or ovalbumin (o) into the carotid artery (as in the 
first experimental series) after sensitization of the animals — guinea-pigs (G) 
and rabbits (R) — by subcutaneous (s.c.), intraperitoneal (i.p.) or intracisternal 
(i.c.) injections 3 — G weeks before. 

Table 5 b. 



Sensitizing dose of 
antigen 

Concentration of the locally 
applied antigen 


IR 

bg-bl-bl^ ml s.c. 

1/1 

0 

2G 

H+2+I * * 

1/1 

0 

3,4 R 

h 0.5 — 1 ml i.c. 

1/1 

0 

5,6 R 

h l-M ml i.c. 

1/1 

0 

7,8 R 

0 20 — ^100 mg i.c. 

substance 

0 

9R 

h 0.5 ml intracerebrally 

1/1 on the place of previous inj. 

0 

10 R 

h 0.5 -fl ml » 

1/1 » 0 » » » l> 

0 

11 G 

l>|+ 2+5 ml i> 

1/1 » » » » » » 

0 


The same antigens ns in table 5 a applied locally on the pial vessels. 


Table 5 c. 


Animal 

Sensitizing dose 
of antigen 

Intracerebrallj’’ 
injected dose 

E.xtensive zone 
of staining 

1,2 R 


0.1 ml 

0 

3,4 R 


0.1 » 

+ 

5,6 G 


0.1 » 

4 * 


Horse serum injected intracerebrally on previously sensitized animals. Injec- 
tions of 0.1 ml 0.0% NaCl were made in the other hemisphere for comparison. 


Discussion. 

Our experiments have shown that the barrier-function of the 
cerebral vessels may be disturbed by several chemical and physico- 
chemical agents, but that it is remarkably resistant against others. 
A summary of our results is given below (table 6). As is seen from 
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this, a disturbance was most easily established by bile salts, ethyl 
alcotol, and venoms, while bacterial toxins, peptone, histamine, 
acetylcholine and adrenaline (with certain exceptions) were with- 
out effect on the barrier-function. Changes in the osmotic pressure 
and the H-ion concentration had an influence only if they were 
rather extreme. Allergic reactions caused an injury of the BBB 
only under certain conditions. 

In the following our findings will be subjected to a closer 
discussion. 

I. The lowest permeability-disturbing concentration of the 
tested substances. — • Experiments with changes of the osmotic 
pressure and the H-ion concentration. 

In the experiment series 2 and 3 attempts were made to estimate 
the minimum concentration of the substances able to disturb the 
cerebral vascular permeability. A comparison between the two 
series proves that the permeability is disturbed more easily and 
at lower concentrations from the intima-side than from the ad- 
ventitia-side of the vessels. This observation agrees with our 
opinion that the BBB function is a special quality of the general 
permeability function in the cerebral vessels and that it is main- 
tained by the endothelium. 

The minimum concentration in question is, however, not a 
fixed quantity but must be put in relation to the time-factor, i.e. 
the time during which the agent has been allowed to exert its 
influence. Eor practical reasons this time had to be restricted, 
especially in series 3. Bearing this restricted time in mind, it is 
obvious that some other factors acquire a certain importance, too. 
Thus, the different penetration rate of various substances through 
the vascular endothelium may give rise to different equilibria of 
concentration between the blood and the endothelial cells in ex- 
periments of short or of long duration respectively. Eurthermore 
the effect of some of the agents — • especially aqua destillata, so- 
dium chloride, acids and alkalis — might be counteracted by the 
diffusion in opposite direction of substances occurring in tissues 
and blood, and this influence must be more powerful in short- 
time experiments, before the body’s resources are used up. It also 
seems natural that this diffusion should be more pronounced 
from the blood to the pial side of the vessels than in the other 
direction — a circumstance that at least partly could explain the 
fact that aq. dest. and acids had hardly any influence on the bar- 
rier-function when applied locally on the pial vessels. 
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It should, however, be emphasized that the diffusion of neu- 
tralizing substances is of importance mainly in the experiments 
where changes of the osmotic pressure and the H-ion concentra- 
tion are involved and seems to be an unavoidable source of errors 
in these experiments. They may therefore seem to be of less value 
but are at all events of interest from a methodological point of 
view in demonstrating how much — or more properly, how little 
— the barrier-function is influenced by such alterations in experi- 
ments of the present type. These factors, therefore, can hardly 
come into account as sources of error in our experiments vdth 
other agents. 

II. Experiments with bile salts and ethyl alcohol. 

In all our series these substances elicited a disturbance of the 
barrier-function. There arises the question, if this effect may be of 
clinical importance. We think it possible that, in such diseases of 
the liver which give rise to high blood-concentrations of bile-salts, 
a barrier-injurious effect cotild appear. This might be an explana- 
tion of the correlation sometimes observed between symptoms 
from the liver and from the CNS. 

The injurious concentrations of the alcoholic solutions in our 
experiments are, on the other hand, so high that it seems rather 
improbable that alcohol-intoxication in man could cause a damage 
of the BBB. The effect of ethyl alcohol on the CNS rather serves 
as an illustration of substances which damage the nerve cells in 
concentrations far below those which derange the barrier-fimction 
(cfr the analogous behaviour of hj'potonic salt solution). 

III. Experiments with toxins and venoms. 

Earlier investigations by Eriedemann and Elkeles (1934) 
have shown that the toxins of diphteria, tetanus and staphylo- 
coccus cannot penetrate into the CNS from the blood, while 
cobra venom does so. In our experiments we were able to demon- 
strate that the above-mentioned toxins do not have any injurious 
effect on the barrier-function, while cobra venom has such an 
effect. Of course this investigation is too incomplete to allow of 
any safe generalizations. It seems reasonable, however, to suggest 
that proteins must damage the vessels before they are able to pass 
into the cerebral tissue and that those which do not affect the 
cerebral vessels never penetrate their walls. 

IV. Experiments with adrenaline. 

in experiments with guinea-pigs Broman (1940) often found 
dotted staining throughout the' whole CNS after intravenous 
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injections of trpb and adrenaline, but not after injections of trpb 
alone. This was explained as an injurious effect of trpb on the 
cerebral vessels • — latent until the blood pressure was raised. In 
later experiments (Bjerner, Brojian and Swensson 1943) it was 
found that a similar passage of dye could be caused in rats, too, 
after intravenous injections of trpb without adrenaline. On the 
other hand it was never seen in rabbits or cats. The present experi- 
ments confirm these earlier results. 

That the passage of dye into the CNS in the above-mentioned 
experiments on guinea-pigs after injection of adrenaline does not 
indicate a direct effect of the adrenaline itself is proved by the 
negative results in series 2 and by the results in series 1, where 
the peculiar staining was foxmd in the whole brain and not only 
on the side of injection. 

It seemed strange that this kind of staining should occur only 
in small animals. In experiments with mechanical injuries to the 
cerebral vessels (not yet published) Brojian has found that a 
disturbance of the barrier-fimction can be produced in different 
animals — including rabbits and cats — • by raising the venous 
pressure. In a case of brain hernia, for instance, the passage of dye 
began already within one minute. In some experiments on guinea- 
pigs in which the venous pressure was raised by pinching the 
aorta and the pulmonal artery during one minute, while trpb 
was infused continuously in a cervical vein, a considerable passage 
of dye was observed in the CNS. This fact perhaps explains the 
discussed passage of dye in small animals (with or without injec- 
tion of adrenaline). It may be that the injected quantity of dye- 
solution in connection with its injurious effect on the heart raises 
the venous pressure above a limit which is dangerous for some of 
the intracerebrospinal veins. Perhaps the passage of dye out into 
the CNS in bigger animals (rabbits), too, in experiments with 
insulin-, pentamethylene tetrazole- and electro-shock, found by 
Bjerner, Broman and Swensson (1944), is caused by a similar 
mechanism (the Valsalva effect). 

V. Experiments with histamine. 

It is a well-known fact that histamine has a remarkably injurious 
effect on the permeability of different vessels, resulting in the 
passage of plasma proteins. Therefore the negative results in our 
experiments on the cerebral vessels seem rather noteworthy. 
They obviously react differently to other vessels towards hista- 
mine. 
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Yl. Experiments witli allergic lesions. 

Many attempts have been made by several investigators to pro- 
duce allergic lesions of the CNS in experimental animals. Different 
methods have been used to indicate the lesion. In some cases only the 
symptoms of the animals have been registered — • a very doubtful 
method. In other cases histological examinations were made and 
signs of hj'perergic reactions looked for. Up to now no one but Skoog 
has used the colour indicator method to demonstrate a disturbed 
permeability fimction of the cerebral vessels in the injured area. 

The ways of causing the lesion have also differed. Symptoms of 
anaphylactic shock were earlier regarded as more or less due to a 
local allergic reaction in the brain. Later on their peripheral origin 
was established, hlicroscopic investigations (STiEPand Tokay 1934, 
1937) have proved the existence of minute bleedings and cellular 
injuries in the brain after anaphylactic shock. Our investigations 
(table 5 a) show that there is no disturbance of the cerebral vascu- 
lar barrier-function during an anaphylactic shock. It therefore 
seems probable that the above-mentioned microscopic findings 
just as some of the sjnnptoms are signs of secondary cerebral lesions 
caused by general circulatory disturbances and defective oxygen- 
saturation of the blood and thus do not indicate an allergic reac- 
tion localized to the CNS. That they cannot be the result of 
histamine release is proved above. 

Later investigators have used special methods in order to lo- 
calize the allergic reaction in the brain. Thus antigen (in sensitizing 
as well as in reacting doses) has been introduced intrathecally 
or directly into the brain substance by injection or implantation. 
In some of our experiments the antigen was also injected into a 
cerebral artery. Thus all kinds of mechanical measures which may 
be of localizing significance seem to have been tried. The results 
can be summarized as follows; 

In experiments where the reacting dose was injected into the 
brain symptoms of cerebral lesion and microscopic changes which 
suggest a hyperergic reaction were found by Davidopp, Seegal 
and Seegal (1932), Kopelofp, Davidopp and Kopelopp (1936), 
Alexander and Campbell (1937). Controls with injection of an 
inactive substance elicited very weak symptoms. The above 
inv'estigators concluded that a local allergic reaction had been 
caused in the brain. Our investigations (table 5 c) seem to confirm 
this conclusion, as in most cases an extensive zone of disturbed 
permeability was observed round the place of injection. 
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In experiments where the sensitizing dose of antigen was im- 
planted in the brain in collodium-sacs or in pieces of agar and the 
reacting dose was administered intravenously Davidopp and 
Kopelopf (1931) and Davidopp, Kopeloff and Kopelopf (1935) 
were able to demonstrate transient symptoms of disturbed cerebral 
function. After the primary operation similar symptoms (paresis) 
had been observed, caused by the mechanical lesion but they dis- 
appeared after a while. They concluded that the new wave of 
symptoms caused by the reacting dose was the result of a local 
allergic reaction in the brain. Unfortunately no microscopic exam- 
ination was made. In our experiments with the usual antigens 
(horse-serum and ovalbumin) we found no disturbance of the 
barrier-function by injection of the reacting dose, unless the brain 
was mechanically injured at the same time (tables 5 a, b and c). 
We are, therefore, not able to confirm the above-mentioned opinion 
that a local allergic reaction can be produced in the brain in this 
way. The discrepancy may be due to the fact that we did not use 
their method of sensitizing the animals through implantation of 
the antigen into the brain. It is, however, notable that their 
animals showed at the same time symptoms of general anaphylaxis, 
and a possible latent lesion of the brain from the primary opera- 
tion is very likely to become manifest in such a condition; - the 
symptoms observed must not without further evidence be inter- 
preted as due to a local allergic reaction. 

If our conception is right, local allergic reactions cannot be 
produced in the brain by means of the ordinary laboratory anti- 
gens, unless there is at the same time a cerebral lesion, which 
offers a passage for substances from the blood into the injured 
part of the brain. Intracerebral injections of antigens thus open 
the way for antibodies from the blood which enter the brain sub- 
stance. Except for the method of reverse allergy, this seems to be 
the only way of producing an antigen-antibody-reaction in the 
GNS. A similar mechanism may be involved in cases of infectious 
granulomas, only with the difference that the antigens are then 
produced locally. Provided that the allergic reaction increases the 
vascular permeability, a vicious circle is established and the pro- 
cess is limited only by the quantity and the diffusion of the anti- 
gens. 

Experiments concerning reverse allergic reactions in the brain 
were first carried out by Eorss^iak (1922, 1926) and by Eorssman 
and Skoog (1925). They used guinea-pigs and injected sheep-' 
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hemolytic rabbit serum which contains antibodies against an 
antigen that is supposed to occur normally in the tissues of the 
guinea-pig. If injected intravenously this serum induces an ana- 
phylactic shock in the animal. After injection into the carotid 
artery there will appear symptoms of cerebral lesion. Ingvar 
(1927) found by microscopic examination damage of nerve cells 
and small bleedings in the engaged part of the brain. Skoog (1937, 
1939) demonstrated by means of the colour indicator method that 
the lesion is combined with a pronounced disorder of the barrier- 
function. 

The assumption that this lesion is of allergic origin has been 
specially emphasized by Skoog. Wc also found this opinion rea- 
sonable, but wc considered it advisable to make it a subject of 
closer analysis. The results of our experiments can be summarized 
as follows: 

1) In no case direct application of rabbit serum on the pial 
vessels caused a disturbance of the barrier-function. 

2) Intravascular administration of rabbit serum diluted in 
.saline solution, guinea-pig’s plasma or scrum (complement pres- 
ent!) had also no injurious effect on the BBB, while in the pres- 
ence of guinca-iug’s blood corpuscles, rabbit serum caused a 
marked disturbance of the barrier-function. 

3) This disturbance could be localized to any part of the brain 
according to the mode of injection. 

From this we conclude that the cerebral lesion is not a direct 
manifestation of an antigen-antibody-reaction occurring in the 
nerve tissue or in the vascular wall, and it may be questioned if 
it is of allergic origin at all. 'Whatever kind of reaction it may be, 
the presence of guinea-pig's blood corpuscles seems to be a neces- 
sary condition for it to take place. That this reaction occurs only 
if the endothelial layer of the vessels is exposed to the agent, 
agrees with our conception that the endothelium constitutes the 
barrier-membrane. It seems probable that the microscopic altera- 
tions in the brain are secondary to the disorder of the barrier- 
function. The observation in point 3 indicates — contrary to 
Skoog’s assumption — that no part of the brain is more suscep- 
tible than others in this respect. 

Our exj)lanation clears up certain obscure points in earlier re- 
search-work. Thus it becomes understandable that precautions must 
be taken at the injection so that the rabbit serum mixes with the 
guinea-pig’s blood before reaching the brain. For this purpose an 
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optimal rate of injection is necessary. When the injection was 
made in the cranial (distal) part of the ligated carotid artery, 
Forssman and Skoog obtained negative results, which were con- 
firmed in our experiments with perfusion of the brain hemisphere 
in the absence of guinea-pig’s blood corpuscles (table 4 c). The 
negative results by perfusion of anterior parts of guinea-pigs 
with Ringersolution shortly after death (Bboman 1941) are 
explained in the same way. 

Summary. 

The permeability of the cerebrospinal vessels has a specific 
characteristic — the existence of a so-called blood-brain-barrier 
(BBB). Lesions of the vessels, causing a disorder of the barrier- 
function, can be demonstrated by a colour indicator method; 
Certain dyes, e.g. trypan blue, which cannot normally penetrate 
the vascular wall, are observed to pass, when the barrier-function 
is deranged. 

The present investigation is designed to be a crude survey of 
the disorders of the barrier-fimction elicited by some chemical 
and physico-chemical agents. The experiments have been per- 
formed on guinea-pigs, rabbits and cats. After the different ways 
in which the substances have been made to act on tlie cerebral 
vessels the experiments have been arranged into three series: 
Series 1: Injection into the circulating blood in a cerebral artery; 

effective concentration unknown due to dilution; fost 
mortem control of the passage of the dye. 

Series 2; Local application on the pial vessels; effective concen- 
tration known; control in vivo of the passage of the dye. 
Series 3: Perfusion during a short period of time (usually 1 min.) 

of the cerebral vessels with a test-solution; effective 
concentration known; control of the passage of the dye 
in vivo (inspection of the pial vessels) and post mortem. 

Table 6. 


Results (the injurious minimum concentrations in series 2 and 3). 


Agents 

Disorder of the barrier function 

Series 1 

Series 2 

Series 3 

Aqua dest . 

+ (20%) 

— (10 minutes) 

-h 8% 

— pH 1 

-F 

(2 — 3 minutes) 
-F 5% 

-f pH 4 

Hypertonic salt solution .... 
Acid solutions 
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Agent-s 

Disorder of the barrier function 

Series 1 

Series 2 

. 

Series 3 

Alkaline solutions 

+ 10 % 

+ 2% 

-f 70 % 

-f pH 10— 11 

“T 5 “/cO 

-f 2.5—5 
-f 40-50 % 

-f pH 10 
+ 0.5 

4- 0.4 o/o, 

+ 15 % 

Na-desosycholate 

"Rfliyl nlnohol 


Tpf.nTinR fovin 





RfnpTiylnp.ncpns fnxm 





Hohm TfiTiOTn 

+ 0.7 o/oo 
-fl ®/.o 

-1- 10 »/oo 

-f? 



_ 


AppfylpTiolinn 










Horse serum and ovalbumine 
in attempts to produce aller- 

jrin rpnot.innP 




Sheep-hemolytic rabbit serum 

+ 


-f 

Witte peptone 




(Substances -which gave negative results in series 1 and 2 -were not tested in 
series 3.) 


For practical reasons the tested substances have been allowed 
to exert their influence only for a short period of time. This un- 
doubtedly represents a source of error when estimating the injuri- 
ous minimum concentrations. 

The fact that the noxious substances disturb the barrier-function 
in significantly lower concentrations if administered on the intima- 
side of the vessels than on the adventitia-side agrees with the con- 
ception of the intima membrane as the site of the permeability — 
including the BBB-function. 

It is obvious that certain substances have an injurious influence 
on the nerve cells in concentrations below those needed for dis- 
turbing the barrier-function. That applies to hypotonic salt solu- 
tions (aq. dest. in short-time experiments) and to ethyl alcohol. 
Other substances seem first to destroy the vascular membrane, 
thereby causing secondary lesion of the nervous tissue. That ap- 
pears to apply to cobra venom and to sheep -hemolytic rabbit 
serum in experiments with gmnea-pigs. 

Changes of the osmotic pressure and of the hydrogen ion con- 
centration cause a disorder of the barrier-function only if they are 
fairly great. From a methodological point of view this is of value 
in experiments with other substances. 

The negative results in experiments with histamine as well as 
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the positive results iu those with hile salts and ethyl alcbtoi :may| 
have a certain clinical interest. ' ■ ^ 

It seems probable that proteins (toxins, venoms, .ahtigehsy cani- 
not pass from the blood into the normal brain, if they dp'npt bxert 
a toxic influence on the vessels, A disturbed permeability m^y:; 
then render their passage possible (if they are still circulating in the • 
blood), but is in itself reason enough for a secondary injiiry to^t^^ 
brain tissue. ^ 

A local allergic reaction in the brain ^th disturbance ' ofithe! 
barrier-function can seemingly be produced by antigens .such^bs 
horse serum only if they are injected intracerebr ally,, thus causing a; 
mechanical injury, which allows a passage of antibodies from ihe- 
blood into the brain. In the FoRSSMAN-SKOOG-experiments a;; 
cerebral lesion of probably allergic origin (reverse allergy)* is .klsp; 
elicited. Our experiments have shown, however, that, this lesion, i§ 
not caused by a simple reaction between the injected- antibodies 
and the vascular endothelium, but that the blood corpuscles’ df 
the animal must contain a third factor necessary for the reaction;'. 
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Gefasserweiternde Stoffe des Hams und Benin.’ 

Von 

ERNST WOLLHEIM. 

Eingegangen am 14. Jnni 1945. 


Im Harn des Menschen und der bisher untersucbten Tiere wer- 
den zwei gefasserweiternde, durcb Cellopban nicbt dialysable 
Stoffe in erbeblichen Mengen ausgescbieden: das thermolabile 
Kallikrein, das bei Erbitzung auf 60 bis 70° seine Wirlning verliert 
(Feey, Kraut u. Mitarb., 1926, 1928, 1930, 1934), und das ther- 
mostabile Depressan (Wollheim, 1932, 1936, 1937). Diesebeiden 
Substanzen passieren auf dem "Wege von ihren Bildimgsstatten 
durch die Blutbahn in den Harn die Nieren. Wenn derartige ge- 
fasserweiternde Stoffe normalerweise durch die Kieren aus- 
geschieden werden, liegt die Erage nahe, wie sie sich zu dem von 
Tigerstedt u. Bergman 1898 in der Niere gefundenen, eine 
Blutdrucksteigerung auslosenden Renin verhalten, dessen Be- 
deutung fiir die experimentelle Hypertonie und den Hochdruck 
des Menschen wahrend der letzten Jahre in zahlreichen Arbeiten 
diskutiert wurde (vergl. u. a. Page, 1939, 1940, Euler, 1942). 
Die Versuche, iiber die bier berichtet werden soU, beschaftigen 
sich mit den Beziehungen zwischen den gefiisserweiternden 
Stoffen des Hams und Renin. 

Tersuclisergebiiisse. 

Eine erste Orientierung uber das Problem gibt folgender Yer- 
such: Infundiert man einem Kaninchen in XJrethan-bTarkose (1.5 g 
pro kg intramusk.) langsam Depressan intravenos, so sinkt der 


* Nach einem Vortrag in Fysiologforeningen, Stockholm, am 6. Oktober 1944. 
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arterielle Blutdruck je nach der Infusionsgescliwiadiglieit auf ein 
melir oder weniger tiefes Niveau ab, auf dem er wabrend der In- 
fusiousdauer verbarrt. Wablt man die Infusionsmengen nicbt zu 
gross, so kann der Blutdruck nacb Beendigung der Infusion all- 
maHick im Laufe von etwa 1 Std. wieder auf das Ausgangsniveau 
ansteigen. Fig. 1 A zeigt einen derartigen Versucb, bei dem 0.'6 
mg eines Depressanpraparates pro Minute einem Kanincben von 
2.2 kg infundiert wurden. Vor Beginn der Infusion mirde die 
blutdrucksteigernde Wirkung der intravenosen Injektion von 5 y 
Adrenalin gepriift. Diese Adrenalinwirkung ist wabrend der De- 
pressan-Infusion unverandert. Dagegen wirkt die intravenose In- 
jektion von 0.3 bis 0.5 ml Renin wabrend der Depressan-Infusion 
kaum Oder gar nicbt blutdrucksteigernd. Die gleicbe Erfabrung 
konnte aucb an K.atzen (in Pernocton-Narkose) gemacbt werden. 
Dabei ist die EmpfindJichkeit von Katzen gegen Depressan bei 
Anwendung gleicber Gewicbtsmengen pro kg Versucbstier meist 
wesentlicb scbwacber, als die von Kanincben, wabrend die ent- 
sprecbenden Renin-Mengen bei Katzen starker blutdrucksteigernd 
wirken. Trotzdem wird bereits bei einer verbaltnismassig geringen 
Blutdrucksenkung wabrend der Depressan-Infusion der blut- 
drucksteigernde Effekt des injizierten Renins fast oder voUkom- 
men aufgehoben, 

Ebenso wie es Edrer u. Sjostraot) (1913) bei Katzen beobacbteten, 
konnte aucb bei Kanincben festgestellt werden, dass gelegentlich ein- 
zelne Versucbstiere scbon bei der ersten Renin-Injektion, also obne 
jeden weiteren Eingriff rad vor der Moglicbkeit einer sog. Eenin- 
Tacbypbylaxie, gegen Renin vollkommen refraktar waren, obne dass 
ein Grund bierfiir erkennbar wurde. Negative Befrade bezUglicb der 
Renin-Wirkung sind daher nur beweisend, wera sie an einer Serie von 
Tieren festgestellt werden. Das gleicbe gilt aucb fiir die weiter raten 
zu besprechenden Versucbe, bei denen jede der Praparationen stets an 
drei verscbiedenen Kanincben auf ihre Blutdruckwirkung gepriift 
wurde. 

Die fiir die Versucbe dieser Arbeit angewendeten Depressan- 
Praparate (= »Vadil Ciba))) batten einen verscbiedenen Rein- 
beitsgrad. Alle Praparate waren aber wesentlicb mebr von ra- 
wirksamen Begleitstoffen befreit, als die in meinen friiberen Ver- 
offentlicbimgen benutzten (1932, 1936 und 1937). Gepriift an der 
Blutdruckwirkung auf etwa 2 kg scbwere Kanincben in Uretban- 
Narkose batten die alten Praparate (1936, 1937) bei intravenoser 
Injektion eine Scbwellenwertswirkung mit 1 bis 5 mg pro kg 
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Verauchstier, Die jetzt zue Yerfiigung stellen(ien. Pxapaiate iialien 
eine Soliwelleiiwertsdosis von. 0^01 bis 0.05 mg. pro kg, zum Teil 
nocb weniger. Eine mittlere und .langanbaltende .Blutdruckseii- 
kung (30.bis 50 mm Hg.fur 30. bis 60 Minuten) wird duroh.0,2bis 
1.0 mg pro kg bewirkt. Dieser. Dosis . efficax gegenuber. ist die 
letale Dosis 30 bis 50 mg pro kg, die ■ therapeutisehe Breite also 









Pig. 1. Kaninchen, 2.2 kg, Urethan-Narkose, Blutdnick Art. Carotis. 

A (obeti): Intravenose . Infusion eines Depressa'npraparates, 0.6 mg pro Mnute. 
Intravenose Injektion von 5 y Adrenalin vor Beginn und ■wahrend der De- 
pressaninfusion. 0.5 ml Renin intravenos vahrend der Depressaninfusion. 

B (unten): Intravenose Injektion von 0.2 und 0.5 ml Renin bei zwei anderen 
Kaninchen. 


sebr gross. Fig. 2 zeigt die Wirkungen von 0.1 und 1.0 mg eines 
der Praparate. 

Das in alien Versucben verwendete i^enwi-Praparat wurde mir 
freimdlicberweise von Professor Ulp von Euler zur Verfugung 
gestellt, dem ich aucb an dieser Stelle nocbmals berzlicb danken 
mocbte. Es war ein sebr gut haltbares Praparat aus Sckweineniere, 
das seine Wirksamkeit wabrend fast 2 Jabren kaum veranderte. 
Beim Kaninchen bewirken 0.2 bis 0.5 ml dieses Eenins die be- 
kannte langdauernde Blutdrucksteigerung um 30 bis 40 mm Hg 
(s. Fig. IB). 

Man fragt sicb, ob der gescbilderte Befund, die Herabsetzung 
bzw. vollige Aufbebung der blutdrucksteigernden Wirkung von 
Renin durcb die gleicbzeitige Infusion von Depressan im Ge- 
gensatz zu dem vollkommen unbeeinflussten Blutdxuckeffekt von 
Adrenalin — durcb einen Antagonismus am Erfolgsorgan bervor- 
gerufen wird, oder wie das Pbaenomen sonst zu Stande kommt. 
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Fig. 2, Knninchcn, 2,i kg, TJrethnn-Narkosc, Blutdruck Art. Cftrotis, Venendrtick 

und Atmung. 

Obciu Intnivenosc Injcktion von 0.1 ing Deprcssnn (Vndil »Cibn»). 

Dauer der Blutdruck»enkung 34 Minutcn, 

Untcn: IntravcnCse Injcktion von 1 mg doa glcichcn Priiparntcs. 

Dauer der Wirkung mchr nls 50 Minutcn. 

Renin wirkt bekanntlich selbst nicbt direkt vasokonstriktorisch. 
Wie fast glciclizeitig und unabhangig von einander Munoz, 
Braun-Menendez, Fasciolo u. Leloie (1939, 1940) sowie 
Koni.STAEDT, Helmeu u. Page (1938) zeigten, muss Renin auf 
einen Stoff im Blutserum eimvirken, als Hypertensinogen oder 
Renin- Aktivator bezeiclmet, um einen vasokonstrikoriscben Effekt 
auszulosen. Diese enzyraartige Reaktion, in der wahrscbeinlich 
das thermolabile Renin das Enzym, das Hypertensinogen resp. 
der Renin-Aktivator das Substrat ist, fubrt zu der Bildung der 
eigentlicben blutdrucksteigernden tbermostabilen Substanz, von 
Beaun-Menendez u. Mitarb. (1939, 1940) Hypertensin, von Page 
u. Helmee (1940) Angiotonin genannt.* 

* Hypertensin und Angiotonin aind zWeifcllos identisch, ebenso Hypertensino- 
gen und der Renin-Aktivntor. Im folgcnden worden nur dio Bezeichnungen »Hy- 
pertensin* und »HypertenBinogen» benutzt. 

9 — 'i525hG. Aciaphus. Scandinav. Vol.lO. 
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Das Hypertensinogen ist in der Pseudoglobiilin-Draktion des 
Seruins entbalten, die fiir die eigenen Versuclie nacB. der Vor- 
sckrift von EdmaNj EuLERj Joepes u-. Sjosteand (1942) duxct 
Halbsattigung mit Ammoniumsulfat und anscbliessende 48- bis 
72-stundige Dialyse des Niederscblages in Cellopban gegen flies- 
sendes Wasser aus Pferdeseriim gewonnen vrarde; Die Sera kamen 
unmittelbar nach der Entnabme in den Eisschrank und wnrden 
nacb spatestens 24 Std. weiter verarbeiteti 

Der blutdrucksteigernde Stoff Hypertensin entsteht durcb In- 
kubation von Eenin mit dieser Pseudoglobulin-Fraktion des Se- 
rums bei 40° wahrend 10 Minuten. Als zweckmassigstes Mengen- 
verbaltnis erwiesen sich 1 bis 2 Teile Eenin auf 100 Teile Serum- 
Globulin; Eine Verdo'ppelung der Eenin-Menge steigerte die Aus- 
beute an blutdrucksteigerndem Stoff nur wenig-. 

Die fiir die Keikenversuclie dieser Arbeit angewandten Mengen wa- 
ren im allgemeinen 0;2 bis OA ml Benin zu 20 bder 40 ml Serum-Glo- 
bulin. Die Inkubierung erfolgte bei pH = 7.2 bis 7.45 im Wasserbad 
(40°) in Zentrifugenglasern aus Jenaer Glas; Nacb 10 Min; vTirden die 
Glaser in ein koohendes Wasserbad uberfiihrt, in deni sie weitere 10 
Min. verblieben. Die Temperatur der Losung ist nacb 3 Min-, iiber 80° 
und steigt dann auf etwa 90°; Hierdurcb wird etwa nocb vorbandenes 
freies Renin zerstort, wabrend das gebildete Hypertensin kochbestan- 
dig ist. Nacb deni Erbitzen, bei dem ein weisser Niederscblag ausfallt, 
wird 1/2 bis 1 Std. bei 3,000 Touren zentrifugiert. Um Hypertensin 
in Trockensubstanz Zu erhalten, kann nacb der von v. Euler u. ’Mit- 
arb. gegebenen Vorscbrift weiter verfabren werden (Alkobolextraktion, 
AetberfaUung), was aber grbssere Mengen an Ausgangsmaterial vor- 
aussetzt, als 20 ml. Eiir die Fragestellung dieser Versucbe erwies es 
sicb als ausreicbend, die nacb dem Zentrifugieren iiberstebende klare 
Fliissigkeit direkt in Mengen von 1 bis 2 ml auf ibre Blutdruckwirkung 
am Kanincben bei intravenoser Injektion zu prufen. Aus 20.2 ml des 
urspriinglichen Ansatzes wurden so 8 bis 10 ml Hypertensin-Losung ge- 
wonnen, die obne Wirkungsverlust bis zu 1 Wocbe im Eisscbtank bait- 
bar ist. 1 ml dieser Losung entspracb der Wirkung von 0.3 bis 0.5 mg 
Hypertensin, wie es nacb dem Verfabren von U. V; Euler u. Mitarb. 
erbalten wurde. Eine Verdoppelung der Dosis bewirkt eine starkere, 
aber nicbt doppelt so starke Blutdrucksteigerung (vergl. Eig. 3). Eine 
weitere Steigerung der Dosis erbobt den Blutiruckeffekt nur unwe- 
sentlicb, was sicb mit den Erfabrungen anderer Autoren deckt. 

Es war zu prufen, ob die gefasserweiternden Stoff e des Harnes 
die Bildung von Hypertensin bei der Inkubation von Eenin mit 
Serum-Globulin beeinflussen resp. verbindern. 

Eiir diese Versucbe wurden zimacbst drei Praparate des tber- 
mostabilen Stoffes Depressan von verschiedenem Eeinbeitsgrad 
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verwendet: die blutdrucksenkende Wirkimg von 2 ing des Pra- 
paxates I entsprach der von 0.5 mg des Prapaxates II und von 
1 mg des Pxapaxates III (s. Fig. 4 A). Die fiix einen gleick staxken 
Blntdxuckeffekt notwendigen, blutdxuckaequivalenten Gewicbts- 
mengen vexbielten sicb also vrie 1:1/4: 1/2. 

Setzt man dem Ansatz von 0.2 odex 0.4 ml Eenin und 20 ml 
Sexum-Globulin 20 mg des Pxapaxates I zu, inkubiext in dex oben 
bescbiiebenen Weise 10 Min. bei 40°, exbitzt danacb wabxend 10 
Min. auf etwa 90° und zentxifugiext, so exweist sicb das xesul- 







Fig. 3. Kaninchen, ca. 2 kg, Urcthan-Narkose, Blutdrnck Art. Carotis, bei der 
letzten Injektion auch Registrienmg des Venendruckes. Intravenose injektion 
von 1 bzw. 2 ml vier versohiedener Hypertensin-Praparate. 

1: Hypertensin ans 40 ml Pferdesonim + 0.4 ml Eenin. 

2: Hypertensin ans 40 -ml Semm-Globnlin + 0.4 ml Renin. 

3: » » » » » > 4- 0.8 ml » . 

4: Hypertensin ans 100 ml Semm*GIobnb'n -f 2 ml Benin, 0.5 mg in 2 ml. Aq. 
dest. 


tiexende Reaktionsprodukt in Mengen von 1 bis 2 ml am Kanin- 
cbenblutdxuck als unwixksam (s. Fig. 4 B, Injektion Nx. 1). 
Nimmt man exheblicb kleinexe Mengen des Depxessan-Pxapaxates, 
so exbait man eine Losung, die den gewobrdicben blutdxuckstei- 
gexnden Effekt des Hypextensins zeigt. Setzt man dem Ansatz 
gxossexe Mengen des Pxapaxates I zu, 30 odex 40 mg, so xesul- 
tieit eine Losimg mit blutdxucksenkendex Wixkimg. Die kleinsten 
Mengen dex beiden andexen Depxessan-Pxapaxate, die eine Auf- 
bebimg des blutdxucksteigexden Hypeitensin-Effektes bewixken, 
sind 5 mg Pxapaxat II und 10 mg Piapaxat III (s. Fig. 4 B, In- 
jektionen Nx. 3 xind 5). Diese absoluten Mengen dex gefassex- 
weitexnde Stoffe wuxden an alien gepiiiften Pfexde-Seien, bzw. 
Sexum-Globulinen mit Ausnabme eines gefunden. Bei letztexem 
waxen von alien dxei Depxessan-Pxapaxaten etwas gxossexe Mengen 
exfoxdexbcb, um die blutdxucksteigexnde Hypextensin-Wiikung 
aufziibeben. Abex stets entspxachen die von den dxei Pxapaxaten 
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Fig. 4. Kaninchen, ca. 2 kg, TJrethan-Narkose, Blutdrnck Art. Carotis. 

A (oben): Intravenose Injektion von Depressan:' 2 mg Priiparat I, 0.5 mg Pra- 

parat 11, 1 mg Priiparat lH; sowie 0.4 E Kallikrein (= ‘Tadutin”). 

B (unten): Intravenose Injektionen von je 1 ml: 

H: Hypertensin ans 20 ml Serum-Globulin -f- 0.4 ml Benin. 

1: 20 ml Serum-Globulin -f 0.4 ml Benin 20 mg Depressan I, 10 Min. bei 
40° inkubiert, auf 90° erhitzt, zentrifugiert. 

2: 20 ml Serum-Globulin + 20 mg Depressan I, 10 Min. bei 40° inkubiert, 
dann Zusatz von 0.4 ml Benin, Tveitere 10 Min. bei 40° inkubiert, auf 90° 
erhitzt, zentrifugiert. 

3: 20 ml Serum-Globulin -f 0.4 ml Benin -f 5 mg Depressan II, 10 Min. bei 
40° inkubiert, auf 90° erhitzt, zentrifugiert. 

4: 20 ml Serum-Globulin + 6 mg Depressan II, 10 Min. bei 40° inkubiert, 
dann Zusatz von 0.4 ml Benin, vreitere 10 Min. bei 40° inkubiert, auf 
90° erhitzt, zentrifugiert. 

5: 20 ml Serum-Globuli -f 0.4 ml Benin + 10 mg Depressan HI, 10 Min. 
bei 40° inkubiert, auf 90° erhitzt, zentrifugiert. 

6: 20 ml Serum-Globulin + 10 mg Depressan IH, 10 Min. bei 40° inkubiert, 
dann Zusatz von 0.4 ml Benin, weitere 10 Min. bei 40° inkubiert, auf 
90° erhitzt, zentrifugiert. 

7: 20 ml Serum-Globulin -f- 0.4 ml Benin 5 mg Depressan HI, 10 Min, 
bei 40° inkubiert, auf 90° erhitzt, zentrifugiert. 


notwendigen Mengen dem Vertaltnis ilirer blutdxucksenkenden 
Wirkung, iliren Blutdiuckaeqmvalenten (s. Kg. 4 A und 4 B). 

Als thermolabiler gefasserweiternder Stoff (Kallikrein) wTirde in 
gleicber Weise ein Handelspraparat »Padutin Bayeri) gepriift. 
0.1 ml =0.4 dieses Praparates entspracken in ilirer blut- 
drucksenkenden Wirkung am Kanincben ungefabr dem Effekt von 
2 mg des Depressan-Praparates I, von 0.5 mg des Prapara- 
tes II und 1 mg des Praparates III (s. Fig. 4 A). Das Padutin 
wurde vorber 48 St. in CeUopban gegen fliessendes Wasser dialy- 

1 Als 1 E Kallikrein wurde von Kraut, u. Bauer (1928) die Menge de- 
finiert, die bei intravenoser Injektion am Hund die gleiche maximale Steigerung 
der Pulsamplitnde bewirkt, wie 0.5 mg eines Standardpraparates. Das verwendete 
Handelspraparat Padutin enthalt 4 E in 1 ml. 
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siert, und hierdurcli von seinem Trijcresokiisats befreit. Wahiend 
von den drei Depressan-Praparaten jeweils etwa das lO-facbe der 
in ihrer Blutdruckwirkung in Fig. 4 A dargestellten Mengen not- 
wendig war, uni bei Zusatz zu einem Ansatz von 20 ml Serum- 
Globulin und 0.2 Oder 0.4 ml Renin den blutdrucksteigernden Ef- 
fekt des Eeaktionsprodulctes vollkommen zu verhindern (s. Fig. 
4 B), envies sick die lO-fache, ja sogar die 40-fache Menge Padutin 
in dieser Beziebung als unwirksam: Bei Zusatz von 16 E Padutin 
zu dem gleichen Ansatz von Serum-Globulin und Renin, Inku- 
bierung wahrend 10 Min. bei 40° und anscbliessendem Erhitzen 
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Fig. 6. Kaninchen, 2.2 kg, TJrethan-N'arkose, Blutdnick Art. Carotis. Intrarenose 

Injektionen von je 1 ml: 

P: 20 ml Serum-Globulin -f 0.4 ml Renin -f 16 E Padutin. 

H: Hypertensin aua 20 ml des gleichen Serum-Globulin -f 0.4 ml Renin. Beide 
Amatze 10 3Iin. bei 40® inkubiert, auf 90° erhitzt, zentrifugiert. 


auf etwa 90°, zeigt das gebildete Reaktionsprodukt den gleichen 
pressoriseben Hypertensin-Effekt, wie der Kontroll-Versucb obne 
Padutin-Zusatz (s. Fig. 5). Erst bei Anwendung nocb grosserer 
Padutinmengen, von mehr als 20 E bei gleichen Mengenverbiilt- 
nissen im Inkubierimgsansatz, also bei mehr als der 50-facben 
Menge des Blutdruckaequivalentes der Fig. 4 A, vrird der blut- 
drucksteigernde Effekt aufgehoben. 

Es zeigte sich aber, dass das benutzte Padutin-Praparat, wie 
iibrigens alle von mir wahrend der letzten 10 Jahre in dieser Be- 
ziehung gepriiften, eine gewisse Menge des thermostabilen Stoffes 
enthielt. Es ist sehr schwierig, Praparate des thermolabilen Stof- 
fes aus Harn herzustellen, die vollkommen frei von thermostabi- 
ler Substanz sind, wahrend umgekehrt die Befreiimg der letzte- 
ren von thermolabilen Beimengungen verhaltnismassig einfach 
ist. Von dem in diesen Versuchen benutzten Padutin-Praparat 
wirlcte nach 5 hlin. langem Erhitzen auf 100° eine 0.5 ml = 2 E 
entsprechende Menge so stark blutdrucksenkend, wie vor dem 
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Erhitzen 0.1 ml == 0.4 E (s. Fig. 6). Diese Prilfimg setzt die oben 
erwabnte Dialyse des Fraparates voraxis, da Trikresol, wie aucb 
einige andere Stoffe, die Zerstorung des Kaliikrems durcb Erhit- 
zen Femmt (Kraut, Frey u. Werle, 1930, 1934). Gebt man von 
dem kocbbestandigen Eest der blutdrucksenkenden Wirkimg des 
bemitzten Padutin-Praparates aus, so war es wieder efcwa die 10- 
facbe Menge des Blutdruckaequivalentes aus Fig^ 4 A-imd 6, die 
notwendig ist, um bei Zusatz zu dem Ansatz von 20 ml Serum- 
GlobuHn xmd 0.2 bzw. 0.4 ml Renin den blutdrucksteigemden 
Hypertensin-Effekt zu verkindern. Aus diesen Mengenverbaltnis- 



Fig. 6. Kaninchen, 1.9 kg, Urethan-Harkose, Blutdruck Art. Carotis. Intravenose 

Injektionen von 0.5 ml = 2 E Padutin (48 Std. dialyaiert), SMin.gekochtjO.l 
ml = 0.4 E Padutin (48 Std. dialysiert), imgekoclit: 0.5 mg Eepressan H. 


sen gebt bervor, dass das tbermolabile Kallikrein selbst in dieser 
Beziebung imwirksam ist, die "Wirkung der grossen Mengen von 
Padutin vielmebr nur der Beimengung von koktostabilem gefass- 
erweiterndem Stoff entspricbt, und demnacb durcb letzteren 
bedingt sein diirlte. 

Als KontroUversucb zu der spezifiscben Einwirkung des De- 
pressans auf den Inkubierimgsansatz von Renin und der Pseudo- 
globulin-Fraktion des Serums wurden nocb andere gefasserweit- 
ernde Stoffe in der gleichen Versucbsanordnung untersucbt. Fig. 
7 zeigt einen derartigen Versuch mit dem esterasestabUen Garb- 
aminoylcbolincblorid ())DoryI Mercb)). Bei Zusatz von 40 y 
Doryl zu 20 ml Serum-Globulin, Inkubierung bei 40° wabrend 
10 Min. und anscUiessender Erbitzimg auf etwa 90°, bleibt der 
blutdrucksenkende Effekt des Doryls annabernd imverandert. 
Wird die gleicbe Dorylmenge einem Ansatz von 20 ml Serum- 
Globulin und 0.2 ml Renin zugesetzt xmd, wie oben bescbrieben, 
weiter behandelt, so resultiert ein Produkt, von dem 1 und 2 ml 
am Eanincben eine kurzfristige Blutdrucksenkxmg xmd Blut- 
drucksteigerxmg, aber keinen fypischen blutdrucksteigemden Hy- 
pertensin-Effekt bervorrufen. Injiziert man aber 2 ml dieses 
Reaktionsproduktes nacb vorheriger Atropinisierxmg der Ver- 
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suclistiere (5 mg Atropin, sulf. intravenos), so findet man allein 
den charakteristisclien Blutdruckanstieg, wie er duicli Hyperten-^ 
sin ausgelost -wird. In Ansatzen mit Depressan oder Kallikrein 
verandert eine Atrppinisienmg die vorher beobacliteten Effekte 
nicht. Im Inkubierimgsansatz mit Doryl dagegen fcritt der vor- 
her durch die Summation einer blutdrucksenkenden imd einer 
blutdrucksteigernden Wirkimg verdeckte Effekt nach der Atro- 
pinisierung hervor, da durch diese die blutdrucksenkende Wirkung 
des Doryls aufgehoben vrird. Doryl verbindert im Gegensatz zu 



Fig. 7. Kaninchen, 2 kg, Urethan-Narkose, Blutdruck Art. Carotis. Intravenose 

Injektionen. 

1: 20 ml Serum-Globulin -f 40 /■ Doryl (Merck), 10 Min. bei 40° inkubiert, auf 
90° erhitzt, zentrifugiert. 1 ml des Rcaktionsproduktes injiziert. 

2 — 4 ; 20 ml Serum-Globulin 0.4 ml Renin 40 y Doryl, 10 Min. bei 40° in- 
kubiert, auf 90° erbitzt, zentrifugiert. 

2: 1 ml des Reaktionsproduktes injiziert. 

3: 2 » » » » 

4: 2 » » » > , nach 6 mg Atropin sulf. intravenSs. 

Depressan die blutdrucksteigernde Wirkung des Hypertensins 
nicht. 

Die Frage liegt nahe, ob nicht Depressan bei seinem Zusatz zu 
den Inkubierungsansatzen den blutdrucksteigernden Effekt des 
Eealctionsproduktes auch nur deshalb aufhebt, "weil sich in letz- 
terem enthaltene pressorische und depressorische Stoffe in ihrer 
Wirkung summieren. Man konnte hieran vielleicht um so eher 
denken, als die Ansatze nach der Inkubierung bei 40° wahrend 10 
Min. auf 90° erhitzt ^vurden, und sich, wie oben gezeigt, nur das 
thermostabile Depressan, nicht aber das thermolabile Kallikrein 
als geeignet erwies, den blutdrucksteigernden Hypertensin-Effekt 
zu verhindern. Es zeigte sich aber, dass die fiir die Inkubierungs- 
ansatze benutzten Mengen der Pseudoglobulin-Fraktion des Se- 
rums ausreichen, um die blutdrucksenkende Wirkung der ange- 
wendeten Depressanmengen aufzuheben, Wie bekannt (Kbaht, 
Frey u. Bauer, 1928), wird Kallikrein in bestimmten Mengem 
verhaltnissen durch Serum inaktiviert. Auch die blutdrucksen- 
kende Wirkung von Depressan wird unter der Einwirkung von 
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Serum bei 40° mebr oder weniger aufgeboben. Vergleicbt man die 
fur die Inakfcivierung blutdruckaequivalenter Mengen des tker- 
molabilen und des thermostabilen Stoffes notigen Mengen Serum, 
bei gleicher Temperatur und Einwirkungszeit, so zeigt sick, dass 
das Inaktivierungsvermbgen des Serums gegeniiber Kallikrein 
grosser ist, als gegeniiber Depressan. Es ist bier nicbt naher auf 
das Problem der Inaktivierimg der beiden Stoffe einzugehen. Nur 
soviel ist zu konstatieren: die fur die Inkubierungsansatze mit 
Renin verwendeten Mengen Depressan (20 mg Praparat I, 5 mg 
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Fig. 8 a und b. Kaninchen, 1.9 resp. 2.0 kg, Uretban-Narkose. Blutdruck Art. 
Carotis. Intravenose Injektionen von je 1 ml folgender Reaktionsprodukte, samt- 
licb 10 klin. bei 40° inkubiert, auf 90° erbitzt, zentrifugiert: 


A 

B 

C 

D 

E 

F 


20 ml Serum-Globulin 
» » » » 

» f> » i> 

» » » » 

» » » » 

)> » » » 


-f- 8 mg Depressan II. 

20 » » I. 

4- 10 » » III. 

-j- 5 » i> U. 

4- 10 » » n. 

-j- 20 » » II. 


Praparat II, 10 mg Praparat III) verlieren unter den gleichen 
Bedingungen (10 Min. bei 40° und pH 7.2 bis 7.45) durcb 20 ml 
der Pseudoglobulin-Fraktion des Pferde-Serums ihre blutdruck- 
senkende Wirkung volLkommen (s. Fig. 8 a). Setzt man der glei- 
cben Menge Serum-Globulin grossere Mengen Depressan zu, z. B. 
8 mg, 10 mg oder 20 mg Praparat II oder entsprecbende Mengen 
der beiden anderen Praparate, so bleibt, je nacb der Depressan- 
menge, ein blutdrucksenlcender Effekt iibrig (s. Fig. 8 b), wie es 
auch nacb Zusatz diser grosseren Depressanmengen zu den In- 
kubierungsansatzen mit Renin beobachtet wurde. 

Aus diesem Verbalten des thermostabilen Stoffes gebt bervor; 
1) Der sog. »Serum-Inaktivator» des Depressans befindet sich in 
der gleicben Pseudoglobulin-Fraktion des Pferdeserums, wie das 
Hypertensinogen. 2) Das Fehlen der blutdrucksteigernden Wirkung 
der Reaktionsprodukte aus Renin und Serum-Globulin bei Zu- 
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satz von Depressan beruht; nicht auf der Summation einer in 
ihncn entbaltenen pressoriscben und depressoriecben Komponente 
(wie es in den Versucben mit Doryl gefunden wurde); da vielmehr 
gleiohzeitig aucb der blutdrucksenkende Effekt des Depressans 
verscbwindet, ist bier tatsachlicb jede blutdruckateigernde Wir- 
kung aufgeboben. 

Dass es sich dabei um eine Hemmung resp. Verhinderung der 
Bildung von Hypertensin aus Renin und Hyperteusinogen unter 



Fig. 9. Kaninchcn-Dunndarm in TjTodc-Loaung, durchperlt mit Ot + 6 ' % COj, 
Bad 50 ml. Zusatz von 0.5 ml der glcichen Eeaktionsprodnkte, die in Kg. 4 B 
auf ihrc Blutdruckvrirkung gcpruft vmrden. 

1: 20 ml Serum-Globulin -f- 0.4 ml Renin + 20 mg Depressan I. 

3:»» f > » n. 

5: »» » » »-}- 10 » » ni. 

» » -f»» »4-5» » in. 

H: »» » > 

Samtlich 10 Min. bei 40° inkubiert, auf 90° erhitzt, zentrifugiert. 

6: 20 mg Serum-Globulin 10 rag Depressan III, 10 Min. bei 40° inkubiert, 
dann Zusatz von 0.4 ml Renin, wcitere 10 Min. bei 40° inkubiert, auf 90° 
erhitzt, zentrifugiert. 

Rechts unten: 0.5 ml, 0.1 ml und 0.2 ml Hypertensin. 


der Einwirkung des Depressans handelt, konnte durcb eine weitere 
Versuchsreihe belegt werden. Am uberlebenden Kanincbendarm 
(in 50 ml T}Tode-L6simg, durchperlt mit einem Gasgemisch von Oa 
und 6 % COj) ruft Hypertensin in Mengen von 0.2 bis 0.5 ml eine 
Kontraktion hervor (s. Fig. 9), wie auch von Page (1940) gezeigt 
■wurde. Die auf den Blutdruck unwirksamen Reaktionsprodukte, 
die mit Zusatz von Depressan inkubiert Avurden (20 mg Priiparat 
I, 10 mg Praparat III und 5 mg Praparat II zu einem Ansatz von 
0.4 ml Renin und 20 ml Serum-Globulin), haben am Darm keine 
kontrahierende Wirlcung (s. Fig. 9). Der Parallelismus der Wir- 
kungen auf Blutdruck und Darm ist sehr weitgehend: Setzt man 
den Reaktions-Ansatzen etwas geringere Mengen Depressan zu, 
als zur volligen Aufbebung beider Wirkungen notwendig sind 
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(s. oben), z. B. 5 mg Praparat III, so entspricbt einer geringen 
Blutdiucksteigerung eine schwacbe Kontraktion des Darmes (s. 
Injelction Nr. 7 in Fig. 4 B und 9). Von den zu prufenden Eeak- 
tionsgemiscben vrarden im allgemeinen 0.5 ml dem Darmbad zu- 
gesetzt, da Hypertensin in dieser Menge stark kontrabierend wirkt. 
Aber aucb 1 ml der Praparationen ist imwirksam, wenn der Blut- 
druckeffekt anfgeboben ist (s. Pig. 10). Diese Versucbsreibe ist 
also ein -weiterer Beweis dafur, dass der Zusatz bestimmter Men- 
gen Depressan zu den Inkubierimgsansatzen von Eenia und Se- 
rum-Globulin die Hypertensin-Bildung verbiudert. 


iniMgni.' 




Fig. 10. Links: Kaninchen, 1.9 kg, Urethan-Narkose, Blutdruck Art. Carotis. 
Rechts: Kaninchendarm in Tyrodelosung (50 ml). Intravenose Injektionen resp. 

Zusatz zum Darmbad je 1 ml. 

D: 20 ml Serum-Globulin + 0.2 ml Renin -f 5 mg Depressan 11. 

H: Hypertensin aus 20 ml Serum-Globulin 0.2 ml Renin. 

Beide AnsStze 10 Min. bei 40° inkubiert, auf 90° erhitzt, zentrifugiert. 

Der gleicbe Effekt ergab sicb aucb dann, wenn zimacbst nur 20 
ml Serum-Globulia mit den selben Mengen Depressan (20 mg Pra- 
parat I, 5 mg Praparat II oder 10 mg Praparat III) wabrend 10 
blin. bei 40° inkubiert und erst danacb 0.4 ml Eerdn zugesetzt 
wurden. Die Ansatze wurden darauf weitere 10 jVlin. bei 40° in- 
kubiert, auf etwa 90° erbitzt imd zentrifugiert. Die so gebildeten 
Eeaktionsprodukte, von denen 1 bis 2 ml auf ibre Blutdruckwir- 
kung, 0. 5 ml auf ibre Darmwirkung imtersucbt wurden, verandern 
den arteriellen Blutdruck der Kanincben nicbt (s. Pig. 4 B, Injek- 
tionen Nr. 2, 4 und 6) und sind am Kanincbendarm unwirksam 
(s. Pig. 9, Zusatz Nr. 6). Die Bildung von Hypertensin wird dem- 
nacb durch den unmittelbar vorhergehenden Zusatz von Depres- 
san ebenso verbindert, wie bei gleicbzeitigem Zusatz' von Depres- 
san zu den Inkubierungsansatzen von Benin und Serum-Globulin. 

Diskussion der Yersuchsergebnisse. 

Wie die gescbilderten Versucbe zeigen, verbindert der. Zusatz 
des tbermostabilen gefasserweiternden Stoffes aus Harn, des De- 
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piessans, zu dea Inloibierungsansatzen von Eenin und dem in der 
Pseiidoglobulin-Eralction des Serums entbaltenen Hypertensino- 
gen die sonst imter gleicben Bedingungen erfolgende Bildimg 
einer ■ blutdrucksteigernden und darmkontrabierenden Substanz, 
des H}T)ertensins. Dass es sich bei dieseni Effekt nicbt nur um 
eine Summation der Wirkimgen etwa im Eeaktionsprodukt ent- 
baltener blutdrucksteigernder und -senkender Stoffe handelt, 
gebt daraus hervor, dass 1) die Eeaktionsprodukte aucb am 
Kanincbendarm unwirksam sind, der von H}T)ertensin erregt 
wird, vabrend Depressan in den angewendeten Mengen keinerlei 
Wirkungen auf ibn ausiibt, und dass 2) die blutdrucksenkende 
Fabigkeit der angewendeten Depressanmengen durcb die gleicbe 
Pseudoglobulin-Eralction des Serums unter den selben Bedingungen 
(Mengenverbaltnisse, Einwirkungszeit, Temperatur und pH) auf- 
geboben wird. 

Nacb diesen Beobacbtungen fragt man sicb: Wie stort der Zu- 
satz des Deprcssans die enzymartige Eeaktion, die sonst zu der 
Bildimg eines blutdrucksteigernden und darmkontrabierenden Stof- 
fes aus der Einwirkung von Eenin auf Serum-Globulin fiibrt? 
Haben die beiden im Inkubierungsansatz moglicben Eeaktionen 
— die Hypertcnsin-Bildung und die Depress an-Inaktivierung — 
engere Beziehungen zueinander, als nur die Anwesenbeit des Hy- 
pertensinogens und des j)Depressan-Inaktivators)) in der gleicben 
Serum-Globulin-Fraktion? 

Zu diesen Fragen ist festzustellen: In vivo, im Blutdruckversuch 
am Kaninchen verandert sicb die blutdrucksenkende Wirksamkeit 
von Depressan nicbt nacb einer oder mebreren vorbergebenden 
Eenin-Injektionen, aucbwenn dieseeine Eenin-Tacbypbylaxie ber- 
vorgerufen baben. Wie Page (1940) zeigte, baben solcbe Versucbs- 
tiere kein Hypertensinogen mebr in der Blutbabn. Da die Depres- 
san-Wirkung imter diesen TJmstanden nicbt verstarkt ist, spricbt 
nicbts dafiir, dass durcb den Verbraucb des Hypertensinogens die 
inakt'ivierende Fabigkeit des Serums gegeniiber Depressan veran- 
dert ware. In vitro, im Inkubierungsansatz mit Serum-Globubn, 
wird, wie gezeigt, durcb gleicbzeitig zugesetztes Eenin die Inak- 
tivierung des Depressans nicbt verbindert, ja nicbt einmal quan- 
titativ verandert. Gleicbe Mengen Depressan werden mit wie 
ohne Zusatz von Eenin unter identiscben Bedingungen (Zeit, 
Temperatur, pH) von gleicben Mengen Serum-Globulin inaktiviert. 
Daber kann nicbt angenommen werden, dass das Hypertensinogen 
und der Inaktivator des Depressans das gleicbe Substrat sind, auf 
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dfls Ptwa %w\ vcrfschicdnnc Enzyme cinwirken, und bci einer ge- 
gebonfin Mengc tl(« Subsirate-s nn ihmkonkurricrcn. Vicimehr mfis- 
non Bopresann und Hftnin rnit r.wci vcwchiedwjcn Stoffen im 8e- 
nun-Globulin reagicren, wobei Dcprcijaan tlic Bcaktion zwiscbeti 
Bonin und Jlyportonsinogen vorbindern, Benin aber die Inakti- 
vicrung de.s Bepreaaans nicht hoinmen kann. 

Weiterbin zeigto aicb, daas I)e])rrssan in den gleichen Meagen- 
V{?rb(Uttufiaen die Hyp'^rtentin-Bildiing niebi nur boi glcicbzeitigen 
Zuantz ?.u df'n InkubiontngHansatr.on von Bonin und Scrum-GIo- 
Jnilin Yorbindort, .fondorn nuch tlann, wenn runfichst DcprG?san 
allein 10 Min. mil Serum-Globidin inkubiori, und erat danacJi 
Benin r.uge.-?et?-t wiirdo, r.u oiner Zeit, in dor das Beprosaan in Bc' 
zug nuf p<'ine Hlutdruokudrkung heroita inaktiviert v. nr. Man fragt 
aicb dalier, o)i e.a Uberhaupt da« I)epre.‘%«ari aelbat ist, das <He Hy- 
perlonainbildung bennr.t bzw. verbijidert, odor nur cin Teil 
.*^einoa groaaen .^folekul^', odor etwa cin Bcgleitatoff, dor mil dor 
Bhitdrucknvirkung niebta r.u tun hat. 

Hiorrii i.^t ru konsfntiorcn; Bci gleicbreilig adc bei nacheinan* 
dor orfolgondom Zusalr von I.)cpTC.«<an und Benin sind steta die 
gleichen >rengon dor <lrei unter.auchten Beprea.fan-Praparato von 
vcracliiodenotn Bcinboitsgrad notwridig, um cine Hypertensin- 
bildung ru vorhindorn. Bie^c Mengcn Bepre.'s?an cnt^prccbcn bei 
ganr V(!rachic<lcncn Geudobtsmeugen dor drei Priiparate genau 
ihrcu Blutdruckacquivalenten (1 : 1/4 : 1/2). Babcd sind die zur 
Erroicliutig dca Kffcktoa ndtigon Jliruicati nongen Deprca.«an stets 
diejenigen, die mn^dmnl unter gleichen Bedingungen von den 
nngewandten Mengen Serum-Globnlin total iimkt iviert werden kon- 
ncn. Kinc den benutrten Bcprc.saamncngen blutdruckacquivalentc 
3lengc do 5 Ihcrmolabiien Stoffc.s nus Barn, dc.s Kaliikreins, ver- 
hinderfc die IBqjcrtensinbildung nit'bt. Ein .‘ioleber Effekt trat da- 
gegen auf, venn die ruga*?fttrten Mcngen Pndutin so gross waren, 
da.ss der Gebalt dicsc.s Praparatos an tbcrntostabilcm Stoff udeder- 
um den wirksaTnen Bepressan mcngen I)lutdnickaeqni valent war. 
3'ls kann dnber nur angcnoimnon werden, dnss das Depressan bei 
glcicbzcitigcni wie bci vorhcrgcbeiuloiu Zu.‘^atz ru den Inkubie- 
rung.sansrdzen dem Ilypertensinogon die Fiihigkcit nimint, unter 
dcr Einwirkung von Benin da.s blutdrucksteigernde Hypertensin 
ru bildon. Wie die.se Einwirkung gcschicbt, kann nocb nicbfc ge- 
sngt werden. 

Fiir die violfacb diskutiertc physiologiscbe und pathoiogi- 
.sche Bedeutung des Benin.s durfton dicse Befundc einige Kon- 
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sequenzen haben. Hier sei nur ktirz aiif folgendes hinge- 
wiesen; 

1) In der normalen Niere befinden sich stets erheblicbe Mengen 
von Depressan auf ibrem AusscbeidungsTveg in den Ham. Hier 
sind also alle Vorbedingungen daftir gegeben, dass etwa in die 
Blutbabn abgegebenes Benin nicbt zu der Bildnng des blut- 
dmcksteigernden Hypertensins fiibren kann. 

2) Bei Patienten mit essentieller Hypertonic ist die Ausschei- 
dung des thermostabilen gefasserweiternden Stoffes stark ver- 
mindert oder vollkommen aufgeboben (Wollheim u. Lange, 
1932, Elliot u. Nuzum, 1934, Wollheim. 1936, 1937). Bei die- 
sen Kranken ist daber damit zu recbnen, dass aucb in den Nie- 
ren vreniger oder gar kein Depressan vorhanden ist. Das bier in 
die Blutbabn abgegebcne Renin konnte also zu der Bildung von 
Hypertensin fubren. Wenn aucb aus verscbiedenen Griinden Hy- 
pertensin nicbt die alleinige cbemiscbe Ursacbe des erbobten Blut- 
druckes sein kann, so konnte es dock einen zusatzlicben blut- 
dxucksteigerden Faktor darstellen, eventuell fiir die Fixierung 
des boben Blutdruckes bei longer bestebenden essentiellen Hyper- 
tonien und fiir die sicb sekundar entwickelnden Nierenfimktions- 
storungen solcber Patienten von Bedeutung sein. 

3) Es vrird zu priifen sein, ob nicbt die von Page (1940) be- 
scbriebene erbobte Fabigkeit des H 3 q)ertoniker-Serums, bei der 
Inkubierung mit Renin Hypertensin zu bilden, mit dem Depressan- 
Mangel dieser Kranken zusammenhangt. 

4) Harrison, Grollman u. "Williams (1940) sowie Page u. 
Mitarb. (1940, 1941) haben »Antipressorstoffe» aus Nieren be- 
schrieben. Die bei Anwendung dieser Stoffe an Patienten beob- 
acbteten langdauernden Blutdrucksenkungen entsprecben voU- 
kommen den Wirkimgen, 'wie sie durcb Depressan (= Vadil) er- 
zielt vnirden. Das gleicbe gilt aucb fur die allgemeinen kliniscben 
Resultate, insbesondere die Beeinflussung von bypertoniscben 
Augenbintergrundsveranderungen, aber aucb fiir die gelegent- 
licben unerviinscbten Nebenvrirlomgen (Fieber usw.). Dabei wur- 
de eine Einzeldosis des »Antipressorstoffes5> aus 800 bis 1,000 g 
friscber Hiere gewonnen, das fiir den gleicben Effekt notwendige 
Depressan aus 50 bis 80 ml Harn. Es vrird zu priifen sein, ob 
nicbt die Wirkungen dieser Hierenpraparate nur auf ibrem Depres- 
san-Gebalt berxihen. 

Abscbliessend ist festzustellen; Der am Anfang dieser Arbeit 
konstatierte scbeinbare Antagonismus von Depressan und Benin 
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koinmt niclit durcli den gcgcnHiitzlichcn Effekt auf dns Erfolgs- 
orgftu zu Stande, sondcrn durcli die Einwirkung des Depressans 
auf den cnzymatifichcn Prozess, in dem dns Idutdruckstcigernde 
Hypertensin gebildct wird. llci cinor gegebenen lifcngc Renins 
und Scrum-GIobclins bzw. dos in ilim cnthnltcncn Hypertensino- 
gens bungt cs von der lifcngo des glcichzcitig nnwesenden Depres- 
sans ab, ob es zu der Bikbing dos blutdruckstcigerndcn und darm- 
kon trail ierenderi Hyperk'nsins konimcn kann, odor ob dcssen Bil- 
dung verbinderfc wird. JTan wird das in vitro konstntierte Ver- 
lialten aucb in vivo erwarten diirfen. 


Zusammenfassung. 

1) Das Hypertensinogen, der f>Renin-Aktivator:^, ist in der 
glcichcn Pscudoglobulin-Fraktion dos Scrums cntlialtcn, vie der 
pinaktivaloro dos tlicnnostabilcn gefasserweiternden Stoffes aus 
Ham, des Depressans. 

2) Der Zusatz von Benin zu cincm Inkubierungsansatz von De- 
pressan und Scrutn-Globulin hemint die Inaktivierung von Dc- 
pre.ssan niebt. Dagegen verbindert der Zu.satz von Depressan zu 
dcin Inkubicrungsnnsatz von Renin und Scrum-Globulin die 
Bildung von Hypertensin (= Angiotonin), was an der feblenden 
Blutdruck- und Darmwirkung dos Reaktionsproduktes denion- 
striert wird. 

3) Die fiir diesen Effekt minimal notwendigen JIcngen Depres- 
san sind imgefiibr die, die maximal von den glcicbcn Mengen Se- 
rum-Globulin untcr den sclbcn Bedingungen total inaktiviert 
werden. 

4) Der tbermolabilc gcfnsscrwoitcrndc Stoff aus Harn, Kalli- 
krein, verbindert die Bildung von Hj'pcrtcnsin niebt. 

5) Einige Konsequenzen dieser Einwirkung des Depressans auf 
die Hypertcnsinbildung werden diskutiert. 
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A Micronicthod for the Estimation of 
Phosphatidyl Ethanolaminc in 
Nerve Tissue. 

By 

P. V. EDMAN nntl S. E. G. AQVIST. 

Kfccivod 20 Jnne 19-10. 


Investigations of the qunntitAtivo chemical composition of 
nervous material are considerably restricted becatipc of lack of 
accurate methods for the c,stimntion of lipids. Tlii.s is es})ccially 
the ease with the cephalin fraction. Available methods include 
fractional c.Kt-raction or precipitation of the lipids and calculation 
by difference for the estimation of this substance (Kirk 1938, 
Williams and coworkers 1938). Con.scquently these procedures 
are neither specific nor accurate. Furthermore, h’oLCit (1942) has 
demonstrated the presence of two or perhaps three different 
“cephalins”, one of which has the chemical composition iormcrly 
attributed to the whole cephalin by Folch termed phosphatidyl 
ethanolaminc. The other one contains serine as the sole nitro- 
genous component, phosphatidyl serine. In addition there is an 
inositol containing cephalin fraction of not yet established com- 
position. 

The present authors have made an attempt to estimate micro 
quantities of phosphatid)'! ethanolaminc in a more specific way. 
This can be done by titration with acid of the cthanolamine 
distilled off from a hydrolj’sate of the lipids (Bbante 1940). 
For the purpose of estimating smaller amounts of ethanolaminc, 
however, we have found the Berthelot reaction (Berthelot 1859) 
with hypochlorite and phenol more suited because of its greater 
sensitivity. Furth et. al. (1938) have studied this reaction more in 
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detail. It is produced bj amnionia and certain primary amines, 
with, a wide variety of colors. With ethanolarnine in small quan- 
tities an intensely blue and stable color is obtained. By a certain 
procedure including distillation of the ethanolarnine it is yet pos- 
sible to eliminate other color developing substances. 


Method. 

The nerve tissue is finely minced and extracted with ethyl al- 
cohol for 24 hours in a Soxhlet apparatus. The extract is diluted 
with alcohol to a suitable volume. 1 ml of this solution containing 
0.4 — 1.5 mg of phosphatidyl ethanolarnine is measured off into 
a centrifuge tube, 2 ml of 2 N hydrochloric acid is added and the 
tube is placed in a boiling water bath. Heating is continued for 
3 hours during which time ethanolarnine is quantitatively split 
off. After cooling, the tube is placed in a desiccator and the sample 
dried in vacuo at room temperature over solid sodium hydroxide. 
The fatty acids set free by the hydrolysis are extracted with 5 
ml of dry ethyl ether. The undissolved residue is centrifuged down, 
the ether discarded, and the residue dissolved in 0.5 ml of distilled 
water. The sample is now ready for distillation which is performed 
in the apparatus sho^vn in fig. 1. 

It is transferred by suction to the distillation vessel. The sides 
of the tube are washed twice with 0.5 ml of water and once with 
0.5. ml of ethyl alcohol. Then 0.5 ml of 1 N sodium hydroxide 
is added to the contents in the distillation vessel. The total volume 
would not exceed 3 ml. Ammonia is now removed by distilling 
in vacuo without receiver for 5 minutes at a temperature of 
30 — 40° C. If the boiling is too violent it can be regulated by 
opening the lower stop-cock at L. The evaporation of ammonia 
is facilitated by the alcohol. No ethanolarnine escapes during this 
procedure. Thereafter the receiver containing exactly 0.5 ml of 
0.1 N hydrochloric acid is placed in position and its height ad- 
justed so that the tip of the glass tube (G) dips a few millimeters 
under the surface of the hydrochloric acid. The contents in the 
distillation vessel are now distilled at a pressure of 10 — 15 mm 
Hg and a temperature of 80° C. in the heating bath to dryness 
and from that point the distillation is continued for another 5 
minutes. Next, 1 ml of water is added to the distillation vessel 
from the cup (E) by tilting the apparatus slightly and carefully 

10 — 45254ff. Ada pJii/s. Scandinav, Vol. 10. 
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Fig. 1. Distillation npparntns. A is n heating hath containing "Wood’s metal; B* 
distillation vessel ha-ving a 10 ml volume; C, thin capillary; D, thermometer; E, 
cup with a stop-cock; F, condenser; G, glass tube 2 mm in bore; H, groimd-in 
joint; J, receiver with a mark on the neck at the 5 ml volume; K, rubber stopper 
fitted with an appliance for adjusting the height of the receiver; L, stop-c^s. 
Tho diatUlntion vessel should be made from Jena glass but the other parts can be 

made from ordinary glass. 
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opening tlie stop-cock. Tke distillation is repeated once again in 
tie same way. The glass tube (G) is wasbed by tilting tbe appa- 
ratus and adding 0.5 ml of water from tbe cup (E). By tbis pro- 
cedure etbanolamine is quantitatively, or practically so, trans- 
ferred to tbe receiver. 

Tbe contents of tbe receiver are neutralized witb 0.5 ml of 

0.1 N sodium hydroxide and 0.5 ml of borate buffer is added. 
Tbis addition will give a pH of 10 at wbicb tbe color reaction 
has an optimal degree of sensitivity. Next, 0.5 ml of sodium 
bypocblorite is added, tbe contents diluted to tbe 5 ml-mark, 
mixed well by inverting, and allowed to stand for 16 minutes. 
Now 0.2 ml of pbenol reagent is added and tbe contents mixed 
weU. Blanks are made witb water and tbe reagents. Tbe tubes 
are placed in a vigorously boiling water batb for 5 minutes. A 
blue color is obtained wbicb is stable for at least 6 hours. After 
cooling, tbe samples are ready for photometry in the Pulfricb 
step photometer. Filter Sgi and 1 cm cuvettes are used. The color 
development strictly follows tbe Lambert-Beer's law. We have 
found tbe extinction for 100 y of etbanolamine to be 0.83, but 
it may vary somewhat, making the use of a standard necessary 
when high accuracy is desired. 


Calculation. 

By calculating tbe fraction of etbanolamine in pbospbatidyl etba- 
nolamine tbe assumption is made that tbe constituent fatty acids are 
stwric and oleic acid. Then the etbanolamine found should be multi- 
plied witb tbe factor 12.2 in order to obtain tbe content of pbospbatidyl 
etbanolamine. 


Keagents. 

1. Ethyl ether, dried over calcium chloride. 

2. Ethyl alcohol, 96 per cent. 

3. Boric acid — sodium hydroxide buffer. 

7.32 g boric acid (Sorensen) and 2.oo g sodium hydroxide are 
dissolved in distilled water to 100 ml. Tbis solution is super- 
satiuated and must be warmed before use. When diluted 1 : 10 
it will give pH 10. 

4. Sodium bypocblorite. 

To 0.15 N . chlorine water 1 N sodium hydroxide is added to pH 
10. This solution should be freshly made each time. 



148 P. V, BDMAN AND S. E, G. AQVIST. 

5. Phenol. 

7.3 g phenol pro analysi is dissolved in 10 ml of distilled water. 
Strong sodium hydroxide is added to pH 10 and the solution 
diluted to 20 ml. This reagent is made afresh as soon as it has 
darkened. 

6, Ethanolamine standard. 

0.5 mg ethanolamine per ml of distilled water. 

In order to test various points of the method a number of 
experiments were made. Samples of a solution of pxire ethano- 
lamine in water were distilled according to the directions given. 
An average recovery in the distillate of 97. 5 per cent was obtained 
(Table 1). 


Table 1. 

Quantity of ethanolamine 

Percentage 

distilled 

recovered 

recovery 

SO y 

CD 

98 

50 y 

00 

96 

100 y 

97 y 

97 

100 y 

96 y 

96 

160 / 

148 y 

99 

150 y 

148 y 

99 


Average 97.5 


To ensure that none of the ethanolamine was extracted by the 
ether under the conditions given, a solution containing ethanol- 
amine and soaps of fatty acids in the ratio 1 : 10 was prepared. 
Aliquots of this solution were acidified with hydrochloric acid 
and treated as described above. The average recovery of ethano- 
lamine was 97.5 per cent. 

To the same solution ammonia was added so that the ratio 
of ethanolamine to ammonia was 1:1. Samples were treated as 
above. The average recovery of ethanolamine was 97.5 per cent 
showing that a mm onia had been quantitatively eliminated. 

Varying amoimts of ethanolamine added to -an alcoholic brain 
extract were quantitatively recovered 

Some analysis for phosphatidyl ethanolamine in grey and white 
matter of rabbit brain were made. Grey matter was obtained by 
carefully scraping off the cortex from the hemispheres and white 
matter was taken from the subcortical areas and corpus callosum. 
The percentage contents calculated on fresh tissue of phosphatidyl 
ethanolamine in grey and white matter were found to be respec- 
tively 0.81 and 0.27. 
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Summary. 

A method is given for the quantitative estimation of phos- 
phatidyl ethanolamine in nerve tissue by the content of ethano- 
lamine. An alcoholic extract of the tissue is hydrolyzed, ethano- 
lamine is distilled off and estimated colorimetrically by the 
Berthelot reaction. 

The method is applied to 0.4 — 1.5 mg quantities of phosphati- 
dyl ethanolamine. 


Bibliography. 

Berthelot, M., Eepertoire de chimie appliquee 1859, page 284. 
Brante, G., Biochem. Z. 1940. 305. 136. 

Bolch, J., J. biol. Chem. 1942. 146. 35. 

BiiRTH, 0., A. Friedrich, and R. Scholl, Biochem. Z. 1938. 240. 50. 
Kirk, E., J. biol. Chem. 1938. 123. 623. 

Williams, H. H., B. N. Erickson, I. Avrin, S. S. Bernstein, and 
I. G. Macy,. Ibidem 1938. 123. 111. 



From the Biochemical Institute of the University, Aarhus, 

Denmark. 


Kinetic and Thermodynamic Inyestigations 
on the Transamination Process. 

By 

SVEN DARLING-. 

Eeceived 21 June 1945. 


The transamination process has first been observed and de- 
scribed by Braunstein and Kritzmann (1937). Later Bravn- 
STEiN (1940) has published a review on works by Braunstein 
and collaborators, which have been reported mainly in Russian 
journals. From these works it appears that all amino acids with 
a few exceptions can react with a-ketoglutaric acid or oxaloacetic 
acid in the presence of an enzyme, transaminase, with the forma- 
tion of 1-glutamic acid and 1-aspartic acid respectively, the amino 
acids being transformed into the corresponding keto acids. Ac- 
cording to Cohen (1940 a, b) the possibility of transamination 
is, however, limited to the following two cases. 

(1) 1-glutamic acid -}- pyruvic acid a-ketoglutaric acid + 

C-a C-a C(l— a) 

+ 1-alanine 
C(l~a) 

(2) 1-glutamic ac. -f- oxaloacetic ac. a-ketoglutaric ac, -f- 

b 

-}- 1-aspartic ac. 

Without going into details with regard to the reason for the 
discrepancy between the results of these investigators, the author 
has limited the investigations to the kinetics of reactions 1 and 2, 
which have been stated with certainty. 
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In tliis work tlie apparent order of reaction, together with the 
equilibrium constant at different temperatures of the two reac- 
tions, catalyzed by a purified calf-heart transaminase, has been 
determined. On the basis of these values the activation energy E, 
the heat of reaction A H, change in free energy A F and Qjo 
are determined for reaction 1. At the same time the equilibrium 
constant of reaction 2 is determined. Prom these values A F 
of pyruvic acid and a-ketoglutaric acid are computed. 


Experimental. 

Analytical Procedures. 

Amino Acids. Glutamic acid, aspartic acid and alanine are deter 
mined by a chromatographic method (Darling, 1945). 

Photometric Determination of Keio Acids. Pyruvic acid and oxalo- 
acetic acid are determined photometrically by Straub’s method, modi- 
fied by Darling (1944). 

a-ketoglutaric acid also forms a yellow compound with salicylic 
aldehyde (£pa/£kqa = 70), hence all the pyruvic and oxaloacetic 
acid values will be found too high and a correction must be introduced. 
Instead of using an extinction curve determined by measuring a 
series of pure pyruvic acid solutions, a standard curve was obtained 
from measurements of the extinction of a series of solutions containing 
pyrmnc and a-ketoglutaric acid, where CpA -{- C^.^ga = constant 
and the ratio CpjJCa.KOA varies in accordance with the stoichio- 
metric equation. As CpA and Co.^ga. under the given experimental 
conditions, vary between 12.5 and 0 micromols per ml and Co-kga 
between 0 and 12.6 micromols per ml in the solutions which are to 
be measured, a series of solutions are prepared by mixing O.0125 M 
pyru\dc acid and O.oiss M a-ketoglutaric acid solutions. About 0.2 
ml solution is pipetted off with a semi-automatic pipette. Levy (1936), 
(with our pipette 0.196 ml). To this are added O.so ml water and the 
pyruvic acid reagents. The extinction is measured. An extinction 
curve is drawn by plotting 10®E as ordinate against CpA us abscissa. 
This curve is linear in the concentration range examined, and the 
intercept made on the ordinate axis by this line is 10®E = 7. From 
this curve are then obtained the true contents of pyruvic acid and 
oxaloacetic acid respectively corresponding to a given extinction of 
the reaction mixtures. 

Titration of Keto Acids. If the keto acids are present separately or 
if the total amount in mixtures is to be determined the modified method 
of Fromageot and Desnuelles (Darling, 1944) is used. When oxalo- 
acetic acid is present this is first converted into pyruvic acid by heating 
to 70° for 160 minutes before the titration. 
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Substrate. 

Amhw Acids. ]-glutamic acid /Merck) was purified after a method 
described in Organic Syntheses (1932). 1-Alanine and 1-aspartic acid 
(Hoffmann-La Hoche) were perfectly pure. 

Kcto Acids, a-ketoglutaric acid was synthesized according to Glvt- 
TEBBUCK (1927), and oxaloacetic acid according to Wohl and Osterlin 
(1910). Pyruvic acid was used as sodium salt. This was obtained from 
Hoffmann-La Koche Ltd, to whom the author is very grateful. 


Preparation of Enzyme. 

To- Calf-hearts, fresh or stored in a solid, frozen state, are hashed 
in a meat grinder and twice washed by suspending in 3 volumes of 
water. After the second washing the tissue is pressed almost dry 
through a linen cloth. Tlie tissue is ground up with sand and extracted 
with 200 ml 1/15 M phosphate buffer, pH 7.15, for 2 hours at 35°. 
The tissue is pressed dry and the extract, which contains the enzyme, 
is centrifuged. The supernatant liquid is filtered through filter-paper. 
Nitrogen content; about 2.2 mg N per ml. 

Ti, 1 volume of To is half-saturated by adding 1 volume of saturated 
ammonium sulfate. The precipitate which contains all the enzyme 
is filtered off, suspended in 25 to 50 ml water and dialyzed in a cello- 
phane tube against tap water. When all ammonia has been removed 
i/a volume of 0.2 M phosphate buffer, pH 7. is, is added. The insoluble 
residuum is centrifuged off and discarded. To the clear solution is added 
octanol as antiseptic. MTien stored in refrigerator, it remains active 
for a week. Nitrogen content: about O.so mg N per ml. The enzyme 
preparations do not dccarboxylize or oxidize the substrates, which is 
controlled by the above-mentioned analjdical methods. 


Determination of the Transaminase Activity. 

The substrates are neutralized with a KOH-solution and made up 
with water and 0.2 M phosphate, pH 7.15, as O.fls M solutions with 
regard to amino or keto acids and 1/15 M with regard to phosphate. 
1 volume amino acid and 1 volume keto acid are mixed and placed 
in a water thermostat adjusted at 25.oo° or 35.00° 0.oi°. AVhen 

the mixture and the enzyme have assumed the temperature of the 
bath 1 volume of enzyme is pipetted into the flask of substrate. The 
mixture is shaken well and 3.oo ml are immediately withdrawn from 
the solution. . The 3 ml are run into l.oo ml 10 % trichloroacetic acid 
in order to. arrest the reaction. The moment at which the solution is 
run into the trichloroacetic acid is noted; this is taken as the starting- 
point of the reaction. 
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After about 5 to 10 minutes 3.oo ml are withdrawn and the reaction 
is arrested. Further tests are withdrawn from time to time in the same 
manner at suitable inter^-als. The unit of time is second. 

The degree of transamination, a'(Equation 1, left-right) is computed 
from the values of p}’Tu%dc acid concentration, bv the formula; 

(3) a' 

where the initial concentration and is the concentra- 

tion of pyruvic acid at the time t. Terms similar to this are deduced 
for the other components. 


Itesiilts. 

Kinetics of Reaction 1. In what follows some experiments are 
given, elucidating the order of the reaction of la and lb. In Table 
I are given the re.sults from one experiment (a) carried out at 
35°.' The endpoint of the reaction is verified through 3 separate 
experiments (b, c, d) where the reaction mixture has been in- 
cubated for 24 hours. It is seen from the table that the reaction 
goe.s to an equilibrium, which is characterized by a' — >■ Oo' and 
o" — *■ Oo". Oo' is the degree of reaction from left to right and Oo" 
the degree of reaction from right to left, when the equilibrium has 
been attained. Oo' and ad' are linked together by the equation: 
ao' + ao" = l. The ad values given in the last column are 
computed from Equation 6 a. To examine whether the reaction 
is of 1. order k' and k", the unimolecular velocity constants for 
the processe.s la and lb respectively, are computed from the 
equation 

(4) In (1— a) = 2.303 log (1 — a) = — kt 

by inserting a' and a". The values are collected in Table I. It 
is .seen that k decreases when the reaction proceeds. This is 
also to be expected, as the reaction goes to an equilibrium. 

It was therefore tried whether the a-values satisfy the equation: 

(5) In/l— -^ 2.303 log (l — -] =-^kt. 

1 aol \ Oo> 

a 

This equation holds for reciprocal processes, A B, where the 

state approaches an equilibrium through a reaction of 1. order. 
For la Oo = c(o' ~ 0.39 and for lb ao — eco" ~ 0.41. In Fig. 1 


’ with a Ti-preparation. 
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Table I. 


Determination of Velocity Constant and Equilibrium Constant for 

Bcaclion 2 at S5°. 


Experi- 

ment 

Substrate 

1-GIutamic acid 
+ 

pyruvic acid 

1 -Alanine 
+ 

rt-ketoglutaric acid 

1 

«o' 1 

1 

1 

calculated j 

Time bco. 

rt' 



lO'k" 


0 

O.OOO 




1 

! 


300 


3.54 



0.582 j 


600 


3.32 

0.125 


0.5 D1 i 



0.275 

3.52 

o;i9o 

1.7C 

0.593 1 




2.47 

0.240 

1.53 

0.509 i 

a 

2700 

0.414 

1.98 

0.294 

1.29 

0.584 


3G00 

0.400 

1.87 



0.G13 S 


6400 

0.5C3 

1.53 

0.390 


0.591 ; 


7200 

0.5S1 

1.21 

0.395 


0.585 ‘ 


10000 

0.595 

0.88 


0.55 

0.584 i 


24 liours 

0.500 

— 


— 

0.592 1 

b 

24 hours 


— 

0.400 

— 


c 

» » 


— 

0.425 

— 


d 

» > 


— 

0.430 

— 

- 1 


Average 

0.59 — 

0.42 


0.59 : 

! 


log j 1 — — j is plotted against the time in sec. It is seen that the 
\ ao/ 

equilibrium point is reached through a 1, order reaction, and the 



1- Reaction la 

X X Reaction lb 
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equation holds for a degree of reaction corresponding to 80 % 
of the final degree of reaction. 

As Equation 5, according to its derivation, is valid for reaching 
the equilibrium, whether the reaction starts from right or left, 
one has got a means of evaluating no- If the two opposite reactions 

t ft 

are started at the same time, 1 — — = 1 — — ^ at corresponding 

do' Ofl" 

times, -4s ao" = 1 — ao' we obtain: 


(5 a) 


do 


a. -j- (2 


- and ao" == — 


f I * 

a + a 


ao' in the last column is computed from a' and a". The 
agreement between the calculated and directly determined values 
is very satisfying. 

In a similar experiment with enzyme Ti, ao' for reaction 1 
is determined at 25° on the basis of the change in the concentra- 
tion of py^u^^c acid. The results are collected in Table II. 


Table H. 


Dolerminaiion of Oo' for JReaciion 1 at 85°. 


Time see. 

ft" 

a" 

"o' 

0 


O.ooo 

_ 



0.117 

0.570 



0.177 



0.307 

0.250 

0,505 

6000 

0.414 

0.300 

0.580 

9000 

0.4C8 

0.325 

0.590 

24 hours 

0.570 

0.380 

O.ooo 



Average 

0.59 


It is seen that the change in temperature apparently is without 
influence on the equilibrium. 

In order to demonstrate the agreement between the values of 
a', (determined by the change in glutamic acid and pjnruvic acid 
concentration) for reaction 1 with a Ti-preparation, the values 

of a inserted in log/l — -r~) are plotted against the time in 

\ 0.59/ 

Eig. 2. 

It is seen from the figure that the two sets of points determine 
the same straight line. Tliis is also to be expected when no side- 
reactions occur. 














156 


SVKN DARLING. 


Determination oj Qio for Reaction 1. To determine the temperature 
coefficient, Qio, of reaction 1, the velocity constants kjs and k,, 
with crude and purified enzymes are measured. As substrates 
serve glutamie acid and pyruvic acid. The cliange in the pyruvic 
acid concentration is reckoned from the beginning of the reaction. 
The velocity constant is calculated in accordance with Equation 5. 
The temperature coefficient of the reaction is calculated from: 


Q 


10 


kjs 


The values are given in Tables III and IV. The devia- 


tion between the two values is of the same order of magnitude as 
the experimental error. On an average Q,o = 2.29, 



Fig. 2. 

-j r Determined by clmngc in pyruvic ncid 

X X Determined b 3 - chnnge in gliitumic ncid. 


Calculation of the Equilibrium Constant of Reaction 1. According 
to the law of mass action, the following equation is deduced for the 
equilibrium constant; 



where the symbols have the above-mentioned signification. As 
Co' at 35° is equal to ad at 25° wo obtain. Kss— Kjj = 2.07, by 
inserting ad — 0.59 in Equation 6. It must be emphasized, that 
K is not the thermodynamic constant, and thus the condition 
of equiibrium is not given correctly. An attempt to calculate the 
true constant is, however, omitted on account of the insufficiency 
of data regarding the acthdty coefficients of the reactions. 
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Table HI. 

Deiermination of Qio for To. 


t — 25%- «o' = 0.59 

t = 35°; a„' = 0.59 

Time sec. 

n' 

10'k„ 

Time sec. 


10'k„ 



(1.06) 

3.51 

5.22 

.3.96 

0 

COO 

1200 

1800 

2400 

0.000 

0.288 

0.407 

0.479 

0.521 

11.2 

9.75 

9.30 

8.99 


Average 

4.24 


Average 

9.80 

Q„ = 2.3l 


Tabic IT. 

Deiermination of Qio for Ti. 


t = 25°; «o' = 0.59 

t = 35°; «/= 0.59 

Time sec. 

ft' 

10'k,j 

Time sec. 

a' 

10'k„ 



5.95 

4.88 

,5.30 

0 

COO 

1200 

1800 


11.7 

12.3 

12.5 


Average 

5.38 


Average 

12.2 

Qio — 2.27 


The Equilibrium Constant of Reaction 2. The degree of reac- 
tion in . the equilibrium, ao, is determined by measuring the 
corresponding values of ao and a' at different times. The deter- 
mination is carried out at 25° ■with a Ti-preparation. The cal- 
culations are based on the change in oxaloacetic acid and the 
values are given in Table V. The equilibrium constant is computed 
from Equation 6 by inserting ao^. This gives Koj = 5.44, The 
comments, which apply to the equlibrium constant of reaction 1 
are valid here too. 
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Table T; 

Determination of cto* for Reaction £ at 25°. 


Tiine sec. 

■ 

a' 

a" 

«o' 

0 




300 


0.112 


600 



0.700 

1200 

0.54G 



1800 

0.G20 





Average 

0.70 


Thermodynamics of Reaction 1. 


From the experimental data it is now possible to calculate some 
important thermodynamic constants for the transamination pro- 
cess catalyzed by enzyme from calf-heart. 

The Energy of Activation, E. The effect of temperature on the 
rate of reaction is represented by the Arrhenius equation, inte- 
grated between Ti and T 2 . 


(7) 


RT1T2 



where R = 1.987 cal. per degree, ka and ki are the velocity 
constants at the absolute temperatures T 2 and Ti. When ka 
and ki are measured at 35° and 25° C we have ka/ki = Qio- By 
inserting the average value, Qio = 2.29, Tj = 308° and Ti = 298° 
K we obtain: 


E = 


1.987 X 298 X 308 
308 —^8 


X 0.8286 = 1.5,110 cal. 


The Heat of Reaction, AH. "When the, equilibrium, constants . 
Ki and Ka at the temperatures Ti and Ta are known, we obtain 
from the equation: 


( 8 ) 

As K .35 = Ras 


AH = 


RTxTa 

Ta-Ti 


In 


Ka 

% 


= 2.07 we obtain: idH = 0. 
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The Change in Free Energy, AF. AF represents the maximum 
of useful urorlc obtainable from the process at constant temperature 
and pressure. aJF is calculated bj the relation: 

(9) /1F = — RTlnK, 

where K is the equilibrium constant. As K35 = K25 of reaction 2, 
we obtain by inserting K.5 = 0.59, Ti = 298 and Tj = 308: 

= — 0.43 heal at 25° C and = — 0.46 heal at 36° C 
of reaction 1. By inserting K.5 = 5.44 we obtain: AF = — 1.00 
heal at 25° C of- reaction 2. 

Calculation of AF of Pyruvic Acid a7id a-Ketogluiaric Acid. 
AF oi the reactions 1 and 2 are also given by the equations: 

(10) AF==^AF^ax + AF^, ^AF^^ - 

(11) ^1^ ~ ^Fkga. 4" ■^l^AA -dFg^ -^Fq^ 

As the experiments arc carried out at pH 7.15, the aminodi- 
carbonic acids are found as monovalent anions, alanine in neutral 
form and the keto acids as divalent and monovalent anions. 
Borsook and Huffjiann (1933) have determined /IF of 1-glu- 
tamic acid, 1-aspartic acid and 1-alanine; Lehmann and Hoef- 
Jorgensen (1939) /JF of oxaloacetic acid. The values are given 
in Table VI. By inserting in Equations 10 and 11 /IFp^— 
and /IFjjq^ = are obtained. The values are entered in Table VI. 


Table TI. 


Substance 

Change in free energy 

l-Aspartic acid monovalent anion (1) 
l-glutamic acid monovalent am'on (1) 
]-Alanine neutral (1) 

O.taloacetio acid divalent anion (2) 

a-Ketoglutaric acid divalent am'on 
Pyruvic acid monovalent anion 

^AA± = — 160.40 fccal (25”) 
//FoA± = — 162.85 » 

■<^Pa± = — 89.20 » 

•^OAA” = — 186.3 ^ 

<^J^EGA" == — 183.8 » 

/IFfa- = — 110.5 kcal (25°) 


It is seen, that the reaction investigated does not deviate ma- 
terially from other enzymatic reactions with regard to the ther- 
modynamic conditions. As /IF is negative the process has a 


1) Boesook & Hi.'iTMAOTr ( 1933 ); 2 ) Lehmank & Hoff-Joegensen' (1939). 
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tendency to take place spontaneously from left to right. The rate, 
however, is determined by the enzyme, and without enzyme it 
is impossible, in the investigated range of temperature to detect 
any change in the reaction mixture. 

As a control of the probability of idFp^— = 110.5 kcal serves 
the value = 115 kcal, judged by Franke (1933) from thermic 
data. The agreement is satisfying, as the heat of solution and dis- 
sociation are not considered in the judged value. 

Summary. 

By means of transaminase prepared from calf-heart, the reac- 
tion: 1 -glutamic acid -{- pyruvic acid Trt. g-ketoglutaric acid -f 
1 -alanine is investigated. 

1 . The process reaches an eqtilibrium through a first-order 
reaction according to the equation: 

ln(l — a/oo) = — kt. 

2. The equilibrium constant is: 

K,5 == K.a = 2.07. 

3. The temperature coefficient of the reaction is: 

Qio = 2.29. 

On the basis of these values, some thermodynamic constants 
of the reaction are computed. 

4r. The energy of activation is determined from Q,o. 

E = 15.110 kcal. 

5. The heat of reaction calculated from K 35 and K.g is: 

= 0 kcal. 

G. The change in free energy is: 

,dF = —0.43 kcal (25°) 

JF = _0.45 kcal (35°). 

7. The free energy of the divalent a-ketoglutaric acid ion and 
the monovalent pyruvic acid ion are calculated: 

(25°) 

jFpA— = — 110.5 kcal (25°). 

This work has been aided by a grant from the "Kong Christian 
X’s Fond”. 
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Peroxidation of Body Fat in Titamin 
E Deficiency. 

By 

HENRIK DAM and HUMBERTO GRANADOS. 
Received 27 June 1945. 


Certain symptoms of vitamin E deficiency are dependent upon 
or considerably accelerated by the ingestion of fat containing 
highly unsaturated fatty acids (Dam 1944 a and b). It has been 
suggested that these symptoms might be related to an abnormal 
oxidation of such acids in the tissues (Dam 1944 b). Indications 
of a disorder arising from this fundamental error in metabolism 
may be contained in the exudative diathesis and encephalomalacia 
in chicks (Dam 1944 a and b), in the brovTi discoloration of adipose 
tissue in rats and chicks, as veils as in the depigmentation of 
the rat incisor (Granados and Dam 1945). The pathological 
changes encountered in exudative diathesis and the brovn pig- 
mentation of adipose tissue particularly offer a convenient route 
for investigation of this problem inasmuch as these abnormalities 
involve readily accessible adipose tissue. In the present report, 
a study has been made of the peroxide values of adipose tissue 
from both chicks and rats under different conditions of vitamin 
E deficiency. 


Experimental: 

Peroxide deterrninalions were made by the method of King, Eoschen 
and Irwing (1933) modified for use •with relatively small quantities of 
animal tissues. One half to 1 g of tissue was ground with E/o times 
its weight of sodium sulfate and 4 to 8 ml of chloroform (based upon 
the weight of tissue taken), centrifuged, and filtered. The lipid content 
of the chloroform extract Was determined by evaporating 0.5 to 1 ml 
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of the solution on a watch glass. Tlien a volume of chloroform solu- 
tion corresponding to about 50 mg of lipid was transferred to a 25 ml 
Erlenraeyer flask. Chloroform was added to make a total of 1.2 ml of 
solution. To this was added l.s ml glacial acetic acid and O.os ml 
saturated aqueous potassium iodide solution (iodate free, freshly dis- 
solved). After mixing, the solution was permitted to stand for 1 mi- 
nute, then 5 mi of water and 1 drop of 1 per cent starch in saturated 
sodium chloride solution was added, the flask was swirled thoroughly 

N 

and the liberated iodine was titrated with freshly prepared sodium 

thiosulfate. By freshly redistilling the chloroform and water used in 
the analyses, the blank value for the reagents was always zero. Per- 
oxide values were calculated in millicquivalcnts per 1000 g of fat: 

peroxide value = _ 

g fat in sample 

The limit of accuracy is about 0.5 unit. 

The. diels u.sed in these tests were selected so as to produce the de- 
sired s}'mptoms within reasonable time limits. The chicks were reared, 
from hatching, on our ■vdtamin E deficient diet 182' (Dam lOflr a). 
The 5 per cent cod liver oil contained in this ration was added each 
day before feeding. The control chicks received cither the same diet 
plus 2.5 mg d,l-alpha-tocophcrol acetate (Ephynal Acetate, Roche) 
or a commercial ration.® Another group received the same amount 
of ganima-tocophcrol acetate.® 

The animals were sacrificed at different ages beginning with the 
onset of sjunploms in the vitamin E deficient group. Samples of adi- 
pose tissue were taken for analysis from the fatty tissue on the left 
of the crop where initial deficiency is usually evidenced. 

A study of the local peroxidation of injected cod liver oil in the pres- 
ence or absence of vitamin E was also undertaken. Two week old 
chicks recemng the normal commercial diet were injected with 0..'5 
ml of cod liver oil subcutaneously in the pectoral region. A second 
group of similar chicks were given the same treatment plus 2.4 mg of 
the natural alpha tocopherol* dissolved in the cod liver oil. A sample 
of the subcutaneous tissue from this region containing unabsorbed 
oil was taken when the animals were sacrificed. 

The rats were reared on a similar vitamin E deficient diet except 
that the cod liver oil content was increased to 20 per cent while the 
sucrose content was correspondingly reduced. Control rats were given 
either the same diet plus 10 mg per cent of d,l-alpha-tocopherol ace- 
tate or the vitamin E deficient diet without cod liver oil. Samples 


* Consisting of Casein, alcohol-extracted, 15 g; Dried yeast, cther-cxtracted, 
10 g; Sucrose 54.0 g; Gelatine 8 g; Gum arable 6 g; Salt mixture 7.2 g. (McCollum 
185 supplemented ■nith 1 mg KI, 10 mg CuSO,, 6H.0 and 40 mg MnSO^, 4HjO 
in 7.2 g of tho salts); CItolinc chloride 0.1 g; Cystine 0.1 g; cod liver oil 5 g; vitamin 
1C substitute 1 mg. 

* “Starting and growing mash” from Newman Bros. Grain Co., Kochester, N. Y. 
’ Obtained from Distillation Products, Inc., Rochester, N. Y. 

* Obtained from Distillation Products, Inc., Rochester, N. Y. 
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of adipose tissae for analysis were taken from the subcutaneous, in- 
traperitoneal and paraepididymal (pampiniform plexus) regions. The 
determinations were usually performed on mixed samples obtained 
from one animal. In some tests the subcutaneous and intraperiloneal 
fat was examined separately. 

Besnlts and discussion. 

The data have been highly condensed in tabular form. 

Chicks: Table 1 indicates that the adipose tissue of chicks fed 
on vitamin E deficient diet containing 5 per cent of cod liver oil 

Table 1.’ 


Chicks receiving the vitamin E deficient diet 182 containing 5 per cent of cod 
liver oil, supplemented as indicated. 


d, 1-alpha- 
tocopherol 
acetate 

mg % 

Gamma- 
tocopherol 
acetate 
mg % 

Days 

on 

diet 

Per- 

oxide 

value 

Changes of the adipose 
tissue 

Encephal- 

omalacia 

hemor- 

rhage 

exudate 

brown 

discolor- 

ation 

0 

0 

16 


+ 4-+ 

++4* 

0 

0 

0 

0 

20 


+ + 

4'4' 

0 

0 

0 

0 

21 

0 

0 

0 

0 

0 

0 

0 

21 

11.0 

+ + 

4-4* 

0 

0 

0 

0 

23 

0 

+ ■}• + 

4- 

0 

0 

0 

0 

27 

0 

0 

0 

0 

0 

0 

0 

30 

0 

0 

0 

0 

0 

0 

0 

30 

35.2 

(++) 

(4-4-) 

4-4- 

0 

0 

0 

31 

0 

0 

0 

0 

0 

0 

0 

34 

0 

0 

0 

0 

0 

0 

0 

34 

15.7 

(+) 

0 

4-4- 

-L 

1 

0 

0 

35 

0 

(++) 

(4-4-) 


0 

0 

0 

35 

0 

0 

0 

4- 

0 

0 

0 

35 

2.5 

(++) 

(4-4-) 

4- 

0 

0 

0 

36 

0 

(++) 

(4-4-) 

4- 

0 

0 

0 

36 

38.7 

(++) 

(4-4-) 

4-4- 

4- 

0 

0 

41 

25.C 

(+ +) 

(4-4-) 

4- 

0 

0 

0 

41 

13.2 

(+) 

(4-) 

4- 

0 

0 

0 

42 

39..3 

(++) 

(4-4-) 

4-4-4- 

0 

0 

0 

42 

1.5 

0 

0 

0 

0 

0 

0 

42 

39.7 

(++) 

(4-4-) 

4-4- 

0 

2.5 

0 

19 

0 

0 

0 

0 

0 

2.5 

0 

29 

0 

0 

0 

0 

0 

2.5 

0 

31 

0 

0 

0 

0 

0 

2.5 

0 

42 

0 

0 

0 

0 

0 

2.5 

0 

49 

0 

0 

0 

0 

0 

0 

2.5 

17 

0.2 

+4"!- 

-1-4--1- 

0 

0 

0 

2.5 

21 

4.3 

++ + 


0 

0 

0 

2.5 

40 

20-3 

{++) 

(4-4-) 

0 

0 

0 

2.5 

42 

0.5 

(+) 

0 

4-4- 

0 

0 

2.5 

49 

0 

0, 

0 

0 

0 


» 0 indicates absence of symptom, + = light symptoms, ++= marked 
ovmptoms, + + -t-=vory marked symptoms. ^ a 

Plusses in parentesis indicate that the symptoms occurred but disappeared 
before the animal was sacrificed. 
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may contain peroxides. In several samples, the peroxide value 
exceeded the level vrhich is considered the limit for rancidity of 
industrial fats, %’iz. 20 milliequivalents per 1000 g. of fat (King, 
Roschen and Irwin 1933). When the diet contained 2.5 mg per 
cent d,l-alpha tocopherol acetate, the depot fat did not contain 
peroxides. This was observed in spite of the fact that the cod 
liver oil used in all the experiments had a peroxide value of 16. 
Therefore, it would appear that the peroxides found in the depot 
fat of the vitamin E deficient chicks must have originated in the 
tissue and could not result from an accumulation of the peroxides 
contained in the dietary fat. The depot fat of chicks reared on 
the commercial ration contained no peroxides. The appearance 
of peroxides in the depot fat must he a sign that this tissue is 
depleted of vitamin E and contains fatty acid of a tj'pe which is 
easily peroxidized in absence of antioxidants. The time required 
for the development of these conditions is subject to considerable 
individual variation. The present trials do not in themselves serve 
to clarify the relationship of peroxides to the s}Tnptoms occur- 
ring in the adipose tissue. Exudation and its initial stage, diffuse 
hemorrhage, have occurred while the peroxide content of the fat 
was very low. or not demonstrable at all by the methods^ avail- 
able to us at the present time. Diffuse hemorrhage and exuda- 
tion may disappear as the animals become older, in spite of the 
fact that the peroxide values are relatively high. The browm dis- 
coloration of adipose tissue which is usually observed subsequent 
to the aforementioned symptoms is more frequently found in 
the period when the peroxide values are high, although in a 
few cases even this symptom was not correlated with demonstrable 
peroxide values. If, therefore, there is a causative relationship 
between the peroxide formation and the symptoms, it seems 
that the adipose tissue may undergo changes in the course of 
which previously formed peroxides can no longer be detected 
Avithin the limit of the method. The relationship between the 
peroxidation and the symptoms might be further clarified by 
similar trials using a less peroxidizable fat such as lard. 

We were unable to detect any significant protection against 
peroxidation and symptoms with gamma-tocopherol acetate at 
a level of 2.5 mg per cent. Since it has been shown that gamma- 

* In a previous stud3’' (Dam 1944 a) the author reported that there was no 
rancidity of the body fat concurrent with the onset of the symptoms, but the 
method used in that study was less sensitive than the technique described above. 
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Table 2. 


Chicks receiving normal commercial diet, injected subcutaneously with 0.3 
ml of cod liver oil with or without free natural tocopherols. 


Tocopherol in 
injected oil, mg 

Days after 
injection 

Peroxide 

value 

Color of sample 

0 

0 

IG 

faintly yellow i 

0 

3 

38 

light vellow 

0 

4 

34 

light yellow 

0 

5 

199 

yellow 

0 

5 

272 

yellow 

0 

0 

260 

yellow brown j 

0 

7 

181 

yellow brown I 

1 ® 

8 

99 

yellow 

0 

10 

84 

3 '’cllow brown 1 

0 

IS 

68 

yellow brown i 

0 

20 

33 

vellow brown 1 

0 

26 

9 

brown ' 

2.4 

4 

115 

h'ght yellow 

2.4 

6 

205 

yellow 

2.4 

G 

199 

yellow 

2.4 

7 

372 

light yellow 

2.4 

8 

212 

yellow 


tocopherol is a more effective antioxidant in miro than alpha- 
tocopherol (Olcott and Emerson, 1937) these results suggest 
that gamma-tocopherol is deposited in the tissues to a lesser ex- 
tent than alpha-tocopherol. 

In the experiments where cod liver oil was injected into the 
subcutaneous tissue of chicks receiving a normal diet (table 2) 
a very considerable peroxidation took place. The peroxide values 
of samples from these animals far exceeded those found in the 
adipose tissue of vitamin E deficient chicks fed cod liver oil. No 
exudation occurred at the site of injection, an observation which 
could be interpreted as evidence against a causal relationship be- 
tween peroxidation and exudation. However, it is pertinent to 
indicate that the peroxidation of a local deposit of cod liver oil 
might not necessarily affect the capillaries in the same manner 
as peroxidation occurring within the cells of the tissue as a con- 
sequence of a general deposition of an orally ingested highly un- 
saturated fat free of antioxidant. The development of very high 
peroxide values after the injection of cod liver oil even when the 
oil contained free natural alpha-tocopherol suggests that either 
the tocopherol is destroyed by the peroxidation of the oil (pos- 
sessing a peroxide value of 16 before the injection), or has rapidly 
passed into the circulation. 
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Table 8. 


Rata receiving vitemin E deficient diets vritb or "svitliout cod liver oil or similar 
diets supplemented vith vitamin E. 


Cod 

lirer 

oil 

Of 

/o 

d,l-alpa- 
toco- 
pherol 
acetate 
mg % 

Sex 

Duration 
of feed- 
ing in 
days 

Per- 

oxide 

value 

Discoloration of 
adipose tissue 

Discolo- 
ration 
of uterus 

subcut- 

aneous 

intrape- 

ritoneal 





from 



1 






weaning 






20 

0 

m 

24 

0 

0 

0 

0 


20 

0 

f 

24 

0 

0 

0 


0 

20 

0 

f 

2G 

0 

0 

0 


0 

20 

0 

m 

26 

0 

0 

0 

0 

0 

20 

0 

f 

31 

3.6 

0 

0 


0 

20 

0 

m 

31 

11.4 

0 

0 

-b 


20 

0 

m 

40 

3.1 

0 

0 

“T 


20 

0 

f 

61 

4.3 

0 

+ 


0 

20 

0 

f 

65 

5.0 

0 

++ 


0 

20 

0 

m 

115 

9.9 

4- 

+++ 

-b-b-b 


20 

0 

m 

124 

71 

++ 

+++ 

-b-b-b 


20 

0 

m 

152 

72‘ 

-f + 


-b-b-b 


20 

0 

f 

238 

61 

-f-j- 

-f-b-f 


0 

20 

0 

f 

265 

41 

+ + 

-b-b + 


}_ 

20 

0 

f 

314 

33 

+ + 



-b-b-b 




from 









birth 






20 

0 

f 

7 

4.0 

0 

0 



20 

0 

f 

16 

4.9 

0 

0 



20 

0 

P 

21 

108 

+++ 

-b + + 



20 

0 

f 

21 

0 

0 

0 



20 

0 

m 

35 

17 

+ + 

++ 

-b-b 


20 

0 

f 

40 

189 

+++ 

-b-b-b 



20 

0 

f 

51 

128 

-b-f-l- 

+ + + 






from 















0 

0 

f 

231 

0 

0 

0 


-b 

0 1 

0 

f 


0 

0 

0 


0 

^ i 

0 

f 


0 

0 

0 


-b 

20 i 

10 

f 


0 i 

0 

0 


0 

20 

10 

f 

265 

0 

0 

0 


0 

20 

10 

f 

314 

0 1 

0 

0 


0 


^ intraperitoneal fat; the subcutaneous fat had a peroxide value of 5.4. 
- This animal died with very severe anemia and lipemia. 


The injection of cod liver oil gave rise to the formation of yel- 
low to brown fibrinous tissue in which the oil was imbedded, 
such as has been described by Endicotx (1944). The intensity of 
the color continued to increase even after the period during which 
the highest peroxide values were found. 

When rats were fed the vitamin E deficient, high cod 
liver oil diet from weaning (table 3), peroxide values were formd 












168 


IIENKIK DAM AKD HUMBERTO GRANADOS, 


in the fat from different parts of the body. Brown coloration was 
first observed in the pampiniform plexus (paraepididymal fat) 
26 days after the beginning of the feeding, tlien in the intraperi- 
toneal fat and still later in the subcutaneous fat. The discolora- 
tion of the uterus occurred much later. When the vitamin E de- 
ficient, high cod liver oil diet was given from birth, peroxide 
values and pigmentation of adipose tissue was observed earlier 
than seen when weanling rats were tested. The fact that para- 
epididymal fat is the first to be affected recalls the early testi- 
cular manifestations of vitamin E deficiency in male rats. On the 
other hand, the later appearance of discoloration of the uterus 
as compared with that of tlie adipose tissue, could be inter- 
preted as meaning that the uterus discoloration is unrelated to 
dietary fat. The visible coloration of the adipose tissue was more 
uniformly proceeded b)' peroxidation in rats than in chicks. This 
fact could be related to the difference in the amount of cod liver 
oil given in the two experiments. Histological examinations now 
in progress promise to reveal the presence of pigment before the 
latter can be observed grossly, which would suggest that the 
peroxides are related with the very formation of the pigment. 

Visible pigment did not develop in the adipose tissue when the 
diet contained no fat or when vitamin E was present, a fact 
which is in agreement with tJie original observations on the pig- 
mentation of adipose tissue (Dam 1944 a) and the disappearance 
of the enamel pigment of the rat incisor (Granados and Daji 
1945). 

The following preliminary information is available as to the 
chemical characterization of the pigment which indicates that 
two separate components are involved. When the pigmented adi- 
pose tissue is ground wth sodium sulfate and extracted wth fat 
solvents some orange-brovTi colour is dissolved, but most of the 
brown coloring matter is unextractable Avith such solvents. This 
is also true when the tissue is extracted repeatedly with acetone 
and then with other fat solvents. Water or alcohol do not remove 
the pigment from the defatted tissue, but dilute aqueous alkali 
such as 1 per cent sodium hydroxide will slowly dissolve the pig- 
ment. The alkaline solution of the pigment shows a greenish- 
yellow fluorescence when view'cd tmdef the ultraviolet lamp. 
The pigment can pe precipitated from its alkaline solution to- 
gether with protein decomposition products by acidification or 
by addition of a large amount of acetone. Ether does not extract 
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Tftble 4. 


Hemoglobin values of rats. 


Diet 

' 

Days of experi- 
ment from birth 

Hemoglobin 

o/ 

/o 

Vitamin E deficient plus 20 % cod liver oil 

22 

10.7 

26 

10.2 


35 

16.8 


40 

8.4 


51 

8.2 

Vitamin E deficient plus 10 mg % d,l-nlpha- 

22 

9.7 

tocopheral acetate plus 20 % cod liver oil 

26 

11.8 


35 

8.5 

■ 

51 

8.2 

Normal stock diet (dog chow) 

22 

16.8 

26 

16.2 


35 

15.8 


51 

16.S 


the pigment from its alkaline solution or from the precipitate 
produced by acidification, even if the alkaline solution has been 
heated to 100° C for one hour before acidification. The pigment 
of the defatted tissue does, therefore, not seem to be a lipoid. 
Sodium dithionite does not bleach the alkaline solution of the 
pigment, thus excluding the possibility that it is identical with 
diaph erase. The Arnow test (1937) shows that the pigment is not 
identical with melanin. Preliminary tests indicate further that 
the iron content of the pigmented and unpigmented adipose tissue 
is of the same order of magnitude and that there is no difference 
in the content of succinic dehydrogenase, whereas the catalase 
acti\dty seems to be somewhat higher in the pigmented tissue. 
In sum, the characterization so far given agrees with the descrip- 
tion of “Ceroid”, the pigment found in various tissues in experi- 
mental liver cirrhosis in rats, caused by the feeding of diets low in 
choline (Endicott and Lillie 1944, Gyorgy and Goldblatt 1942). 

Furthermore, it is very likely that the brownish globules of 
pigment revealed in the histological study of the brown adipose 
tissue (Dam and JIason 1945) are similar to those found in other 
organs in vitamin E deficiency (Mason and Emjiel 1944 and 
1945). This assumption is based upon the similar acid-fast and 
other staining reactions and properties which characterize both 
the pigment of the adipose tissue and that of the other organs. 

Endicott (1944) has considered the possibility that “ceroid” 
may be related to the oxidation of fat; the present observations 
show that such an oxidation does occur in the tissue studied. 
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Tlie liemoglobin content of blood from rats fed 20 per cent 
cod liver oil diets from birth, with and without vitamin E (table 
4), was found to be lower than in rats of the same age fed nor- 
mal stock diet. This is in agreement with the observations of 
Davis (1944) in Avhich a reduction in the hemoglobin level was 
obtained by feeding diets high in fat. The present data indicate 
that vitamin E has no influence, per se, on the anemia produced 
by higli fat diets. 


Summary. 

1. Chicks fed ^dtamin E deficient diets containing 5 per cent 
cod liver oil developed peroxides in the adipose tissue during the 
period in which the Icnown symptoms of exudation, and partic- 
ularly browm coloration of the same tissue occurred. The rela- 
tion between the peroxidation and the symptoms is discussed. 

2. Subcutaneous injection of 0.3 ml of cod liver oil with a 
peroxide value of 16 to chicks receiving a normal diet, resulted 
in very marked peroxidation at the site of injection accompa- 
nied by a progressive deposition of yellow to brovTi fibrous ma- 
terial. This local peroxidation was not prevented by the incor- 
poration of 2.4 mg of free natural alpha-tocopherols in the in- 
jected oil. 

3. Eats reared on vitamin E deficient diets containing 20 per 
cent cod liver oil from weaning developed peroxides in the adi- 
pose tissue preceding the \dsible yellow-bro-wn coloration which 
appeared first in the paraepididymal fat, then in the intraperi- 
toneal, and finally in the subcutaneous fat. "When females together 
with their offspring were given the same diet from the time of 
delivery, the symptoms in the young developed earlier than in 
weanling rats and were more marked, 

4. The yellow-brown color of the adipose tissue is due to two 
substances, one of which is extractable with fat solvents, while 
the other, which occurs in larger quantity, is soluble in dilute 
alkali. A further, preliminary, characterization of this latter sub- 
stance is given. 

5. Vitamin E has no influence on the lowering of hemoglobin 
caused by feeding high cod liver oil diets to young rats. 

Achiowhigement: This -work was aided by grants from Wyeth 
Incorporated of Philadelphia and Eastman Dental Dispensary 
of Eochester. 
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As the spectral absorption of bilirubin is deficiently elucidated 
new measurements are needed. 

In the following all extinctions are given as (extinction 

of a solution containing 1 g. per 100 ml. in a 1 cm. thick layer). 
In the literature most often the absorption constant (A) is given 

and from its definition (c/. Heilmeyer, 1933) the relation E /cm ~ 


Too A^^ calculated. We shall now give values for as 

calculated from the data of previous investigators. 

Ylppo (1913; p. 231) gives an absorption curve for bilirubin in the 
region 580 480 m^ (i. e., not including the maximum) from which 
the values 208 at 493 mfi and 36 at 538 m/j. can be calculated for 
Sheard et al. (1926) performed spectrophotometrical measurements 
^ ° bilirubin solutions in the region 

. 1 . ® found the greatest extinction at 430 m//. but whether 

8 wave length corresponded to a maximum could not be seen as 
carried out in the visible part of the spectrum, 
of K'iT their spectral measurements of the yellow color 

TTiPnciIro ^ performed with an elaborate technique with 

tpphoin diazo reaction with the primitive colorimetric 

® ymans van den Bergh, they conclude that the measure- 

Legat^^ presented here were aided by a grant from Froken P. A. Bbandts 
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ments of tlie yellow color are by far the most sensitive test for bilirubin 
— a conclusion which is certainly not justified. 

Heilmeyek (1931) found the spectral maximum for pure bilirubin 
in chloroform at 450 m/j. with 911 — 978 (average 949) and 

found that Lajibert-Beer’s law was valid for the wave lengths about 
the maximum when white light was used. The spectral region from 250 
to 700 m/f was investigated. Solutions in alcohol showed a similar 
absorption curve but less steep and with the maximum at 450 mfi 
at which 843 — 877 (855). In aqueous solutions of alkali bili- 
rubinates the spectral maximum was, however, found at 420 m/j. with 

figure is not correct as the bilirubin is 
broken down so rapidly in these solutions that exact spectrographic 
readings are impossible with a technic like that used by HEniMEVER. 

MiiiiLER and Engel (1931, 1 and 2) found the maximum at 450 m^ 
with E,^„^ 918 for solutions in chloroform and the same maximum 
with Ej^^^^728 for solutions in alcohol. In aqueous solution they found 
the maximum at about 420 m/x but give no values for as it 
is impossible to carry out the determinations of the instable aqueous 
solutions with any degree of accuracy. 

Pure aqueous solutions of bilirubin with addition of human serum 
were subjected to spectrographic measurements by Muller and 
Engel (1931, 3) who found the maximum at 460 m^ against the 420 
of aqueous bilirubin solutions without the addition of serum. The 
maximum was 720.j Heilmeyer and To op (1932) con- 
firmed this observation and found E,^ ^ 658 at 460 m^. For horse 
serum they foxmd the maximum at 470m/< with Ej^^^ 800. They 
further found that the absorption curve of the bilirubin in bile was 
identical with that of pure aqueous bilirubin solutions (c/. the findings 
of Sheard et al.). 

As seen from the above review of the literature, accurate read- 
ings of aqueous solutions are required, and previous measure- 
ments on aqueous solutions are only carried out at 400 m/x and 
longer wave lengths for which reason measurements at shorter 
wave lengths are required. As it is the instability of aqueous bili- 
rubin solutions which renders accurate readings impossible, one 
has to use a technic requiring only a few minutes for the readings. 
Such rapid readings are possible in the visible regions with the 
Pulfrich photometer and similar instruments and in the ultra- 
violet and short-wave visible regions "with the Hilger quartz 
spectrograph with Echelon cell outfit (cf. Twyman, 1933); the 
latter makes possible the exposure of a series of ten spectra within 
one minute of the preparation of the solution. In the following 
the technic and results of such readings are described. 
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Technic. 

It is of great importance to carry out the measurements as soon as 
possible after the preparation of the solutions. 

10 mg. (± 0.1 mg.) of bilirubin (preparation from the German factory 
"Homburg”) was weighed off and dissolved in 1.5 ml. n/10 NaOH at 
room temperature and diluted to 10 ml. with buffer solution (pH 8) 
in a volumetric flask. This solution (100 m%) is stable for about an 
hour when stored in the ice box. Immediately before the reading 1 ml. 
of this solution was diluted to 100 ml. {i. c., to a 1 m% solution) in a 
volumetric flask with buffer solution (most often pH 8). Eeadings were 
taken with the filters S. 43, S. 45, S. 47 and S. 50 of the Pulfrich photo- 
meter in 1/2 cm. thick layer. Tor each filter four readings were taken 
after which the cuvettes were changed and four additional readings 
taken; the average of the eight readings constituted the final figure for 
the filter in question. From this figure the was calculated by 
multiplication by 2,000. During all the measurements the control cuvette 
was filled with water. 

For the measurements of serum-containing bilirubin solutions O.i — 
2.0 ml. (most often l.o) of serum and l.o ml. of the concentrated bili- 
rubin solution (100 m%) were mixed and diluted to 100 ml. with buffer 
solution (most often pH Y.s) in a volumetric flask. The readings and 
calculations were performed as for pure aqueous solutions. The sera 
used were all poor in bilirubin (below 0.5 m% determined with Jen*- 
DRASSDEC and Grot’s method). In the case of three sera the dilution 
was performed with serum alone ndthout water by dilution of 0.5 ml. 
of the bilirubin solution to 5 ml. with the serum in a volumetric flask 
and 0.5 ml. of this dilution to 5 ml. with the same serum in another 
volumetric flask. The bilirubin solution was in this way diluted 100 
times with the use of only 9.5 ml. of serum. The readings were carried 
out as described above; in the case of the solutions of bilirubin in pure 
serum, however, with the exception that the serum used for the dilu- 
tion was placed in the control cuvette. 

The spectrographic measurements were carried out with a Hilger 
E 488 Quartz spectrograph with Echelon cell outfit.^ For the readings 
of pure aqueous solutions a solution containing 5 mg. per 100 ml. was 
prepared by diluting the original concentrated solution 20 times in a 
volumetric flask. For measurements of serum-containing solutions 
dilutions containing 10 mg. bilirubin' and 1 ml. serum per 100 ml. 
were used. In the control cuvette (“plain cell”) a solution with exactly 
the same composition as the one in the “notched cell” but without, 
bilirubin was placed (i. c., the same percentage of serum, NaOH and 
buffer solution). In Fig. 1 a graphic illustration of the results is given; 
1^. K is plotted against the wave lengths, and the curve thus is a. 

of the Department of Pharmacy of “Dahmarks Pharma- 
ceutiske Hojskole” was used. For permission to use this instrument I bring Profes- 
t X my sincorest thanks. I also wsh to express my hearty- 

thanks to S. IvEBSEN, M. D. for his valuable assistance. 
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wave lengths /n fT}u. 

Fig. 1. 

Spectral absorption of pure aqueous solutions of bilirubin (1) and aqueous solutions 

with serum (2). 

so-called absolute color curve, the form of which is independent of 
the concentration and thickness of layer. 

Table 1. 

Tht o/ Pare Aqueous Bilirttbin Solutions with Different Filters of the 

Pulfrich Photometer. 

Filter S. 43: 818; 782; 794; 808; 792; Average 799. 

Filter S. 45: 756; 722; 730; 750; 748; Average 741. 

Filter S. 47: 618; 634; 614; 640; 598; Average 621. 

Filter S. 50: 228; 210; 218; 238; 230; Average 225. 

E S. 45 divided by E S. 43: 0.02; 0.92; 0.92; 0.93; 0.94; Average 0.92G. 

E S. 50 divided by E S. 43: 0.28; 0.27; 0.27; 0.29; 0.29; Average 0.280. 

Table 2. 

The Ej^p^ of Serum-Containing Bilirubin Solutions with Different Filters of 

the Pulfrich Photometer. 

Serum No. 1 2 £3 4 5 6 7 8 9 10 Average 

Filter S. 43: 710; 722; 744; 748; 756; 738; 750; 728; 762; 718; 736.5 

Filter S. 45: 810; 792; 806; 824; 830; 804; 812; 796; 840; 802; 811.5 

FUter S. 47; 794; 788; 802; 808; 820; 810; 820; 786; 828; 806; 806.4 

Filter S. 50: 420; 378; 354; 372; 406; 418; 420; 398; 432; 406; 400.3 

E S. 45 divided by E S. 43: I.IS; 1.10; l.OS; 1.10; 1.10; 1.09; 1.08; 1.09; 1.10; 

1 . 10 ; 1 . 10 . 

E S. 50 divided by E S. 43: 0.59; 0.52; 0.48; O.oO; 0.54; 0.55; 0.57; 0.54; 0.5G; 
0.5G; 0.5G. 
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Discussion. 

As seen from Ifigure 1, our spcctrographic measurements con- 
firm tlie results of Heilmeyer and Muller and Engel, but they 
also show that it is possible to obtain beautiful spcctrographic 
curves of aqueous solutions, contrary to the belief of these authors. 
The maximum for aqueous solutions lies at 420 m/i with 
825 and the corresponding values for the serum solutions are 
455 mfi and 850. The curve of the serum solutions can roughly 
be constructed by displacing the curve for pure aqueous solutions 
35 mf .1 towards the long-waved end of the spectrum. It is noticed 
that the Ei\^ at the maximum found by us for aqueous 
solutions is of the same magnitude as the values found by Heil- 
meyer and Muller and Engel (c/. above) for chloroform and 
alcohol solutions. We have not performed readings of chloroform 
and alcohol solutions with the spectrograph as the measurements 
of the authors cited seem to us to give sufficient information in 
this respect. A single reading in the Pulfrich photometer showed 
the following values for S, 43 910; S. 45 lOGO; S. 47 

920; S. 50 220 for chloroform and S. 43 816; S. 45 880; S. 47 750; 
S. 50 216 for alcohol. The alcoholic solution used was prepared 
from the chloroform solution and contained 5 per cent chloroform. 
These values are of the same order of magnitude as those repor- 
ted by Heilmeyer and Muller and Engel (measured in a 
Konig-Martens spectral photometer) but somewhat higher. As 
all sources of error except errors of weighing tend to cause too 
low values, our values are presumably the more correct. 

The results of our readings in the Pulfrich photometer are 
presented in Tables 1 and 2. The values for Ej^^m found with 
the filter which gives the highest values are seen to be somewhat 
(3 to 5 per cent) lower than the values at the spectral maximum 
foxmd by spectrography — a very natural finding. Similar to the 
findings with the spcctrographic exposures the maximum absorp- 
tion of the pure aqueous solutions was foimd at about 420 m// 
(filter S. 43) whereas it was found at about 450 m/t (S. 45) for the 
solutions containing serum. The difference is unquestinalDle, and 
it is thus interesting to note that it can be detected by such a 
relatively simpple instrument as the Pulfrich photometer. This 
difference can, by the way, be seen with the naked eye when a 
concentrated solution of bilirubin is mixed with equal amounts 
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of serum as its color becomes clear yellow while the pure solution 
— also when diluted with an equal amount of water — has a 
much more reddish appearance. This simple phenomenon seems 
not to have been described before. 

The three sera for which the measurements were carried out 
after dilution with scrum without addition of water showed values 
for Ej for aU filters which deviated from the average values 
by a percentage below 5. 

To find the cause of the different spectral curve in serum solu- 
tion as against pure aqueous solution it was at first necessary to 
investigate whether the difference was due to variations in pH 
or was of other origin. Measurements of pure aqueous solutions 
gave the same between pH 7.5 and 13 for all four filters. 
With more acid reaction colloidal precipitation of the bilirubin 
took place. The serum-containing solutions showed the same 
foi r 11 four filters between pH 7.3 and 10, but at pH 13 
(dilution with n/10 NaOH) the solution showed values of Ej^^m 
characteristic of pure aqueous solutions. In the interval pH 7.5 — 
10 the characteristic difference between aqueous bilirubin solutions 
with and without serum thence is independent of pH and must 
be due to some substance or substances present in the serum. 
This was further confirmed by spectrographic exposures of pure 
aqueous bilirubin solutions and solutions containing serum made 
at the same pH (7.6). The same maxima as above were found 
(c/. Eipre 1). 

To find out the least amount of scrum capable of causing the 
described alteration in the spectral absorption of aqueous bili- 
rubin solutions, varying amoimts of serum — 0.01 — ^2.0 ml. — 
were added to 1 ml. of the concentrated bilirubin solution (con- 
taining 1 mg. bilirubin). Both the spectrographic exposures and the 
readings in the Pulfrich photometer showed the same extinction 
values and maxima for quantities of serum between 0.10 and 2.0 
ml. added to 1 mg. bilirubin, but when smaller quantities of serum 
were used the absorption curve assumed a form more like that of 
pure aqueous bilirubin solutions. A serum containing 7.70 per 
cent protein and 3.94 per cent albumin showed on spectrography 
an absorption curve typical of bilirubin in serum solution if 0.1 
ml. serum was used, but with 0.05 ml. serum the maximum was 
at 440 va.pt, and with 0.02 ml. at about 430 m/i. For another normal 
serum the quotient E S. 60 divided by E S. 43 was 0.60 when 0.05 
ml. of serum was added to 1 mg. of bilirubin while it was 0.35 

12 — {.52546. Acta phvs, Bcandinav. Yol. 10. 
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when 0.01 ml, was added (this quotient is about 0.28 for pure 
aqueous solutions; cf. Table 2). These observations show that when 
the amounts of serum added to I mg. bilirubin arc below a certain 
limit (0.05—0.1 ml.) the absorption curve of the bilirubin-serum 
solution assumes a form which approaches tliat of pure bilirubin 
solutions the more the smaller amounts of serum are used. But 
even as Ioav a quantity of serum as 0.02 ml. may give a distinct 
displacement of the spectral absorption curve. 

As to the explanation of the absorption curve of the serum- 
containing bilirubin solutions it is natural to think Of the combining 
of bilirubin with scrum albumin demonstrated by several authors 
(Snapper and Bendien, 1031, 1938; Bennhold, 1032'; Peder- 
.sen and Wardenstrom, 1937; Cooi.tdue, 1910) by means of va- 
rious methods (diffusion experiments, ultrafiltration, cataphoresis 
and ultracentrifugation). Tt is to be looked upon as an established 
fact that bilirubin forms a firm and stable compound with serum 
albumin, that the reaction takes place rapidly, and that all bili- 
rubin present in serum or added to serum is bound to scrum albu- 
min (Pedersen and Waldenstrom; Cooltdge). It seems to be 
a special property of scrum albumin to form this compound ns 
serum globulin and ovalbumin do not form similar compounds 
(Ped'ersen and Waldenstrom). 

It is now natural to assume that the formation of this bilirubin- 
serum albumin compound is also responsible for the alteration 
of the color and spectral absorption of pure aqueous bilirubin 
solutions after the addition of serum. Both the change of color 
and the formation of the compound in question is known to take 
place immediately after the addition of the serum, and the color 
is known to follow the albumin fraction of the serum proteins in 
experiments with diffusion, ultrafiltration, cataphoresis and 
ultracentrifugation. To prove that this assumption is correct 
it would be necessary to carry out experiments with pure, crj’stal- 
line preparations of serum albumin; but as the atithor did not 
have such preparations at his disposal the experiments could not 
be carried out. As further serum albumin is not to be looked upon 
as a’ single well-defined compound, but represents a mixture of 
several, substances, the problem is rather intricate. The "bili- 
rubin-serum albumin thence is not a well defined chemical 
compound, but the term designates that bilirubin forms firm and 
stable compounds with one or more of the individual com- 
pounds which together constitute the serum albumin. 
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Hitlierto only human serum has been used in the experiments on the 
bilirubin-serum albumin com])Ound as -well as in the investigations 
into the spectral absorption ■with the only exception that Heilmeyer 
and Toop (1932) found that horse serum caused a change in the spectral 
absorption of the bilirubin similar to that caused by human serum 
but with the spectral maximum at 470 m/t. The author therefore 
carried out investigations on serum from ox, horse, pig and dog with 
the technic described above and readings with the four mentioned 
filters of the Pulfrich photometer. Like human serum these sera all 
caused a distinct disj)lacement of the absorption curve of the pure 
aq[ueous bilirubin solutions towards the long-waved end of the spectrum 
as seen from the quotients E S. 45 divided by E S. 43 and E S. 50 divi- 
ded by E S. 43 which were of the same magnitude as for solutions with 
addition of human serum. The readings with the Pulfrich photometer did 
not allow the detection of minor differences in the absorption curves 
after the addition of the scrum of different species, but the exismnee of 
such differences is proved by the above-mentioned spectrographic 
examinations of Heilmeyer and Toop. As the changes in spectral 
absorption after the addition of serum must be considered due to the 
formation of bilirubin-serum albumin compounds, the formation of 
such compounds takes place in animals as well as man. 

As 0.05 — 0.1 ml. of serum in one case was sufficient to trans- 
form 1 mg. bilirubin completely to the albumin compound while 
the transformation in another case was incomplete with these 
small amounts of serum (c/. above), it can be concluded that 
0.05 — 0.1 ml. of serum lies near to the minimal amount of normal 
human serum -which is able to transform 1 mg. of bilirubin. As 
the molecular weight of bilirubin is about 500 and that of human 
serum albumin about 65,000 while 0.1 ml. of serum contains ca. 
5 mg. albumin it may be calculated that one molecule of albumin 
binds 25 — 50 molecules of bilirubin. 


Summary. 

Spectral absorption curves of aqueous bilirubin solutions with 
and without the addition of serum are given. Readings in the 
Pulfrich photometer showed good agreement with the spectro- 
graphic measurements. Solutions containing serum showed a 
maximum at 455 m/x, pure solutions at 420 m^. The formation 
of a bilirubin -serum albumin, compound is the cause of the change 
in the spectral absorption. Values for Bicm given. 
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Investigations on the diazo reaction of bilirubin have been 
carried out by several authors, but nevertheless certain questions 
concerning this reaction have not been sufficiently cleared up. 
For instance, is it not clear whether the reactions with different 
activators of the reaction {e.g., caffeine and alcohol) are identical 
or whether minor differences in these reactions are foimd. Further, 
the spectral absorption has only been examined at certain values 
for pH, and the influence of serum addition — which causes 
considerable alterations of the spectral absorption of bilirubin 
(cf. With, 1945, 1) — on the diazo reaction has not been investi- 
gated. 

The principles and the performance of the diazo reaction are 
not discussed here. A discussion may be found in earlier publica- 
tions of the author (With, 1942 and 1944). In the following all ex- 
tinctions are given as EJ (the extinction of a solution contain- 
ing 1 g per 100 ml of the reaction mixture — not of the original 
bilirubin solution — measured in a 1 cm thick layer). Alcohol and 
caffeine {i.e., a saturated solution of caffeine, sodium bezoate and 
sodium acetate; cf. Jendbassik and Cleghoen, 1937) were used 
as activators for the reaction and are in the following abbreviated to 

' The stndies presented here were aided by a grant from Broken P. A. Brandt's 
Legat. 
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"ale.'' and "caff." respectively. The readings -were performed at 
alkaline, neutral and acid rcaclion — abbreviated to "all:.", "neni." 
and "ac." respectively. The diazo reaction wth caffeine as an 
activator read at acid reaction is thence written as "caff., ac.” 
and the reaction with alcohol at alkaline reaction as "ale,, alk.” 


Trevious Inve.siigations. 

Heiuieyeu and Kueiis (1030) pive a complete spectral absorption 
curve for "caff., nc.” and "ale., ac.” For the latter the value 1200 for 
Ei?in maximum (570 m//) can be calculated from tlie data. They 
also give readings with the Pulfricli photometer filter S. 57 from which 
the values 1.330 for B} (8. 57, "ale., ac.”) is calculated as average 
of several measurements. For "caff, ac.” the corrc.sponding values 
were found to lie between 1010 and 1150. The extinctions thus were not 
quite identical for "caff., ac.” and “ale., ac.”, a finding which was 
further confirmed by the fact that the spectral ab.soqition curves 
showed differences. But the authors did not carry out investigations 
to clear up whether these differences were due to diffcroiiccs in the pll 
or the composition of the solutions or really were due to the formation 
of different compounds by the two modification.s of the diazo reaction. 

Brochner-Mortensex (1931) found BJ^^^ 1221 — 1385 (average 
1326) for “ale., ac.” wdth S. 57 of the Pulfrich photometer. These values 
for are calculated from his figures for the absorption constant 

(cf. With, 1945, 1). He adds caffeine, but first after the reaction lias taken 
place, for which the reaction measured by him is to be regarded as n 
reaction activated by alcohol. 

From the data of Jendrassik and Gr6f (1938, 1) the value 1460 for 
B} ^ for “ale., ac.” with S. 57 can be calculated. 

Jendrassik and Grof (1938, 2) give formulas for the calculation of 
the bilirubin concentration (in mg per 100 ml) from readings of the 
extinctions of "caff., alk.”, “caff., nout.” and "ale., ac.” As the test 
solutions were diluted with the reagents respectively 5, 5 and 10 times 
in these reactions the values of E} ^ may bo calculated from the for- 
mulas by settingthe concentration to 1000 rag per 100 ml multiplied 
by the dilution figures mentioned. This gives the following values for 
B} : “caff., alk.” with S. 61 941 (5000/5.32); “caff., neut.” with S. 53 
772 (5000/6.48); “ale. ac.” with S. 57 1445 (lUOOO/6.92). 

It is seen that the values for EJ vary with the accelerator and 
the pH values used. The only value measured by more than one author 
is “ale., ac.”, which shows some variation — and this is quite natural 
as the different authors do not use the same relative amount of alcohol, 
diazo reagent and hydrochloric acid. The extinctions of “ale., neut.” 



THE HU7.0 KEACTIOK OF 


183 


and “air., alk.” do not W'fni to have been measured by previous in- 
vestigators. 

Invcstipatioas on the dia^to niticUon of biiiriibin solutions containing 
serum are only metitioned by .TKxnnASsiK and Cleghorn’ (1937) and 
ItoTHB (1939) rvho found that Idlirnbin added to serum was recovered 
ijunntitatively wlien the diaKo-reaetion was iierfonned with caffeine 
as an accelerator and read in the I’ulfrieli jdiotorneter. Direct measure- 
ments from which llx'l-lf,., of the din.‘:o reaction of solutions contain- 
ing serum ran be ealcuhued are not found in the literature. 


IJemarks on the Toclinic. 

Tise teehnic u.s'd for the reading.s in the Piilfrich photometer has 
been described in a prmdomi communication (With, 1915, 1) in adiicb 
abo the importance of ^icrforming the. readings a.s soon as possible after 
the preparatioJ! of tlie ,«o!u(ion,s rva.s Ttre.^sed. All readings were carried 
out in the .“(oc.-illed "KleinkAwelfen”. A .solution containing 5 ing bili- 
ruhin (from the (lermaii factory “Homburg”) in JO ml alkaline water 
was prepared and on this solution diluted 1 : 2i) — i.c., a solution con- 
taining 5 mg per Kin ml — the <lia?.o reactions were ]>erformcd. TJic 
following reagetits were used: "caff." 20 g. caffeine -b 30 g sodium 
Itpnjtonte 50 g sodium acet.ite diluted to 100 ml adth distilled water; 
*'d»ms>A’ (diasio nii.Kture) a frc.shly prepared nii.vturo ofO.cs ml (G drops) 
of a solution of .sodiuin nitrite and 10 ml of a solution containing 
5 g sulfaiiilic arid and 15 tnl concentrated hytlrochloric acid diluted 
to 1000 ml witii fiistilleti water; “/-V/d.” (rehliug’s solution 13) 10 g 
sodium hjvJro.xydr* and 35 g pota.ssiuin-.sodium tartrate di.ssolved in 
100 ml distilled wafer; "HCi " pure concentrated hydrochloric acid; 
“ole."’ 90(1^, alcohol; “11,0” di.stilled water; “sol.'' dc.signates the bili- 
rubin solution used (5 mg per 100 ml). 

The fliazo reac(i<,>n was carried out jifter the following reaction 
.•^cheme.s: 

“Cal!., ell:.”: O.t ml sol.-|-0.g ml cnff.-l-O.o.'; ml dimix. -b(after 10 
min.) 0.1 a ml Feld. 

“Me., all:.”: A.s caff., alk. with the exception that 0.2 ml caff, is 
rcjdaccd by O.e ml ale, 

“Calf., veut.”, “ale., unit.” and "ale., ac.” are jjcrfornied in the same 
wa}' a.s the corre.sponding alkaline reaction with the exception that the 
0,15 in! of “Fehl.” is replaced by 0.15 ml of “IDO” for the neutral 
reactions and O.l .’i ml “HCl” for the acid reactions. 

“Calf., ac.”: TJiis reaction cannot he carried out witli 0.2 ml caff, 
and 0,15 ml HCl as the caffeine reagent gives rise to precipitation with 
such a large amount of hydrochloric acid. This can be avoided by the 
use of the following scheme u.scd by IIeii.mkyer &KKEns; 0.2 ml. sol. -f- 
0.0.5 ml caff. -j-O,! ml diniix. -(-(after 10 min.) O.o ml H«0 and O.os ml 
HCl. The solution i.s diluted five time.s with this scheme as was the case 
with the others, hut the amount of caffeine reagent used is only O.os ml 
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to 0.2 nil of the solution against 0.2 ml to 0.1 ml ofthc solution in “caff., 
neut.” and “caff., alk.” — i.c., the caffeine concentration is only ’/« of 
that in the neutral and alkaline reaction with caffeine. 

The reactions were performed in micro-test tubes ca. 40 mm in 
length and ca. 9 mm in inner diameter. The tubo.s were shaken after 
the addition of every reagent. After the addition of the dimix. an 
automatic clock was started which rang 10 minutes later, after which 
the last reagents were added. Within ton minutes after this the reading.? 
were performed. 

As all readings were carried out with Vi thick layer and the 
solutions all contained 5 rag per 100 ml and nil were diluted 5 time.? 
with the reagents, the EJ can bo calculated by multiplication by 
2000 of the extinctions read. 

The solutions cojUaining serum were prepared by mixing 1 ml serum 
and 1 ml concentrated bilirubin solution (100 mg per 100 ml) and diluting 
to 20 ml with buffer solution (pH 8) in a volumetric fla.sk (cf. With, 
1945, 1). Tlic solutions prepared in this way contained 5 mg of bilinibin 
per 100 ml. The same ten sera which were subjected to measurements 
in the author’s investigations on the spectral absorption of bilirubin 
(With, 1945,1) were measured with regard to the diazo reaction, and 
the three sera for which the spectral absorption of bilirubin was deter- 
mined after dilution with serum without addition of water were subjected 
to measurements of the diazo reaction after addition of bilirubin and 
dilution with serum alone. For these three sera the diazo reaction was 
measured both before and after the addition of bilirubin and the ex- 
tinction of the reaction of the scrum without the addition of bilirubin 
was subtracted from the extinction of the reaction of the scrum after 
addition of bilirubin. B)’ multiplication of the difference by 2000 the 
Ej was found. Only “caff., alk.” was measured for the solutions 
containing scrum as alcohol and strong acids precipitate the proteins 
of the serum. 


Table 1. 

The Eff,„ of the Diazo Jteaction 7viih the Filters of the Pulfrich 

Photometer, 


1. Aqueous solutions of sodium Liliruhinate [5 tccighings). 


“Caff., alk.” 

with S. 61: 942; 

946; 

920 

984; 964; 

Average 951 

“Caff., alk.” 

with S. 59: 1070; 

1148; 

1088 

1124; 1080; 

Average 1102 

“AIo., alk.” 

with S. 61: 880; 

900; 

832 

844; 910; 

Average 873 

“Ale., alk.” 

with S. 59: 1162; 

1148; 

1106 

1180; 1154; 

Average 1150 

“Caff., neut.” . . . . 

with S. 63: 786; 

824; 

808 

774; 762; 

Average 791 

“Ale., neut.” 

with S. 53: 820; 

826; 

890 

918; 880; 

Average 867 

“Caff., ac.” 

with S. 57: 1126; 

1076; 

1058 

1040; 1032; 

Average 1066 

“Ale., ac.” 

with S. 57; 1384; 

1370; 

i448 

1352; 1376; 

Average 1384 


E (S. 61, caff., alk.) divided by E(S. 43, 
spectral absorption): 1.15; 1.21; 1.17; 1.22; 1.22; Average 1.194 
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2. Solutions of bilirubin containing human serum {10 sera examined) 
Serum No. 1 2 3 4 5 6 7 8 9 10 

age 

“Caff., alk.” 

with S. 61: 1026; 1053; 1104; 1089; 1050; 1086; 1020; 1084; 1064; 1072; 1065 
“Caff., alt.” 

withS.59: 1140; 1167; 1173; 1155;- 1170; 1161 

E (S. 61, Caff., alk). divided by E (S. 43, spectral absorption): Average 

1.45; 1.46; I.IS; 1.46; 1.38; 1.47; 1.36; 1.50; 1.40; 1.49; 1.455 

Discussion of the Besults. 

The values found for with the filters of the Pulfrich 

photometer which lay nearest to the spectral maximum of the 
various modifications of the diazo reaction are seen from Table 1. 
For the pure bilirubin solutions five different solutions were 
prepared and measured, for the serum solutions the figures for the 
mentioned ten sera are given. The spectral absorption of the bili- 
rubin was measured for the same solutions and the results of these 
measurements are given by With (1945, 1). As the proportion 
between the diazo extinctions and the extinctions of the spectral 
absorption of the biUrubin (E S. 61 for caff., alk. divided by 
E S. 43 of the spectral absorption) is of interest in inv:estigations on 
the origin of the yellow color of serum (cf. With, 1945, 2) the values 
of this proportion are also given in the table. 

The values found for Ejfn,, of the pure solutions agree well 
with those of previous investigators (cf. the values calculated 
above). The values with caffeine and alcohol as an activator for 
the reaction show distinct differences. The solutions containing 
serum — and presumably the compound bilirubin-serum albumin 
(cf. With, 1945, 1) — also show different values from pure aqueous 
solutions as Ej^„. (caff., alk.) is ca. 12 % higher for serum solu- 
tions than for pure ones with filter S. 61 and ca. 6 % higher with 
S. 59. Further, it is of interest that the proportion E S. 61/E S. 43 
is 1.455 (average) for the serum solutions and only 1.194 for the 
pure aqueous solutions. This divergence between pure and serum 
containing solutions is also naturally explained as due to the for- 
mation of the compound bilirubin-serum albumin. It can be con- 
cluded that m solutions containing serum not only the bilirubin 
itself, but also its azo-compound is bound to serum albumin, and in 
this way the differences in the spectral absorption before and after 
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the addition of scrum arc explained in the same way for biliruhin 
and its azo-compound. 

As El for "caff., alk.” is different for pure l)iiirubin solutions 

1 cm. ^ ^ * 

and solutions containing scrum it is not correct t« base the calculation 
formula for the scrum bilirubin concentration on measurements on pure 
solutions of bilirubin as done by .Tu.vdkaksik A Gp.6f (l9'iS). Tlie.'e 
autliors give a formula wliich is most conveniently written c — k 
(Cj^^^-k'); k — 5000: E’, , c is reckoned in mg per 100 ml and k' 

is a correction for the diazo reaction of the caffeine reagetit (commonly 
about O.i; but is to be measured for each new reagent used. Cf. With, 
1912; 1943). .Tenduassik A Gn6r give the value . 5 ..T 2 for k; from our 
average Ej^j^ for pure bilirubin the value 5. -'5 is calculated, but if 
the value for .serum-containing .solutions i.s u.scd the value l.To for k 
is reached (all extinctions with the filter .S. 01), .So, the values calculated 
by moan.s of the formula of .TKxnnAs.siK A Gnor must be about 1,3 % 
higher tlian tlic real ones. 


The three experiments in which all dilutions were carried out 
with the scrum added to the concentrated bilirnbin solution showed 
EJIjn values within i 6 % of the average value for the serum 
solutions measured after dilution with aqueous buffer solutions. 
This finding shows that bilirubin added to $CTun\ reads quantitatively 
ivith the diazo reagent if caffeuic is used as an activator and is 
recovered quantitatively in analyses based on the diazo reaction 



f fO // 30 60 see. 2 S rO f S' SOfTrin. 


t/me (Zopar/ih/n/c sco/e). 


• Caffeine, 2/5 vol. 
X Alcohol. 

O Caffeine, 1/20 vol. 
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iivthe modification of Jendrassik & Gb6f {i.e., caff., alk.). That 
bilirubin added to serum is recovered quantitatively in measure- 
ments with the diazo reaction with caffeine was also found by 
Jendrassik & Cleghorn (1937) and Rothe (1939). 


The Time Curve of the Diazo Reaction of Bilirnbin. 

If the E} of the diazo reaction with alcohol and caffeine 
rcsi)ectively were not identical, one would be inclined to think 
that the development of the color showed differences with caffeine 
and alcohol. Examinations for this purpose were carried out by 
measuring the e.xtinction of the diazo reaction 5, 10, 15 and 30 
.seconds as well as 1, 2, 5, 10 and 30 minutes after the reagent 
(‘‘dimix.’") was added. The measurements were carried out with 
"caff., alk.” and "ale., alk.” as well as noth a modification of 
"caff., alk.” containing only ’/g of the caffeine reagent of the 
original one, t.c,, with the same composition as "caff., ac.” with 
the exception that “HCl" was.sub.stitutedby “Fehl,”(0.2mlsol.-f- 
0.05 ml caff.-f-O.I ml dimix -}- — after 10 min. — 0.5 ml H20-f0.15 
ml Fehl.). 

A.S the diazo reaction takes place only at a weakly acid reaction, 
the progress of the reaction is immediately interrupted b}' the addition 
of the alkaline "Fehl. ’’-reagent. At first "caff.” or "ale.” and "sol.” 
were placed in the micro-test tube and mixed and subsequently "dimix.” 
was added ver}* cautiously. In this way the "dimi.x” forms a layer above 
the roi.xture of the sol. and the activator, and the reaction does not 
set in l)efore the two layers arc mixed by sliaking the tube. If the tube 
.stands without shaking the reaction only takes place in the boundary 
zone between the two layers as a disk-reaction. If the time is taken 
with a stop-watch from the moment the tube is shaken, the beginning 
of the reaction may accordingly be regarded as fairly clearly defined. 
With the aid of an assistant the O.is ml "Fehl”. was filled into the the 
tube e.xactly at the end of the periods given above. As soon as the first 
drops of the strongly alkaline reagent had reached the solution in the 
test tube it was shaken, and the progress of the reaction thus interrupted 
practically simultaneously with the begimiing of the addition of the 
"Fehl.” In this way the time can be marked with the accuracy of about 
a second, and consequently the values after 5 sec. are rather inaccurate 
while the otliers are satisfactory. 

Figure 1 shows that the diazo reaction both with caffeine and 
alcohol reaches its maximum after 10 minutes. The extinctions 
of the alkaline reactions measured at the different times are' ex- 



188 


TORBEN K. WITH. 


pressed in per cent of the values after 30 min. for alcohol and -/^ 
vol. caffeine, hut for Vso vol. caffeine they are e.xprcssed in per 
cent of the value for */<; caffeine after 30 min. It is also seen 
that the curves for caffeine and alcohol .show con.siderablc differ- 
ences as the former reaches about 50 % of its final value -within 
5 seconds while the latter only reaches ca, 35%. The. diazo rcaciion 
therefore develops more rapidly mth caffeine as an activator than 
with alcohol and the two modifications of the reaction cannot be 
fully identical. 

Another point of some interest i.s the variation of the color of the 
reaction. All the alkaline and acid reactions with alcohol arc of blue 
color while the alkaline reactions with caffeine arc only blue after 5 and 
10 sec,;',all the other alkaline caffeine reactions are green or greenish 
blue. This is due to the reaction of the caffeine reagent with the diazo 
reagent which is colorless when the reaction is neutral but clear green 
■with strong alkaline reaction. As this diazo reaction de%'clops more 
slowly than the diazo reaction of the bilirubin, the blue color of the latter 
is seen if it is interrupted after 5 and 10 seconds while the green color 
dominates if it is interrupted later. 

The green diazo reaction of the caffeine mi.xture is only a negligible 
source of error in the reading of the diazo reaction of bilirubin in the 
Pulfrich pliotoraeter as its maximum spectral absorption lies at filter 
S. 43 and the absorption at S. G1 and S. 59 is very low. Thi.s was ascer- 
tained b}* performing the reaction -with 1 ml H.O -f 2 ml "caff.” -f O.c 

ml “dimix.”-! nfter 10 minutes — 1..'; ml “Fchl.” and inca.suring 

in a 5 cm cuvette (the 5 ml of liquid is sufficient to fill a b cm “Klcin- 
kyvette”); with the filters S. 50, S. 45 and S. *13 the readings were, 
however, performed in 7- — 1 cm la 5 'er. Tlic extinction (calculated for 
thickness 1 cm) was only ca. 2 % of that of a bilinibin solution contain- 
ing 5 mg per 100 ml with filter S. Gl; with S. 53 it was ca. 5 % of the 
e,xtinction of the diazo reaction of that bilirubin solution with S. 53, and 
with S. 47, S. 45 and S. <13 the extinction of the caffeine reaction was 
several times higher than the extinction of the bilirubin solution men- 
tioned -with the same filters. 

The diazo reaction of the caffeine reagent may, even in spite of its 
low extinction with S. 61, cause errors in the determination of weak 
bilirubin solutions. In consequence of this the correction k' in the cal- 
culation formula given above has to be used. This correction is measured 
once for every caffeine reagent used by reading its diazo reaction in a 
5 cm thick layer with S. 61 and dhdding by 5 (cf. ’With, 1942, 1943). 


The Influence of the Anionnt of Caffeine Eeagent. 

As mentioned above Heilhieyer and Krebs fmmd a lower 
Ei cm. “caff., ac.” than for "ale., ao.” and their results are 
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confirmed by our readings (cf. Table 1). As pointed out, tbe amount 
of activator used in "caff., ac.” is only i/g of that used in the other 
reactions with caffeine, and it is therefore natural to assume that 
the low extinction of "caff., ac.” is due to the small amount of 
activator used. This question was examined by measuring the 
alkaline caffeine reaction both with ®/s volume of caff, (the common 
reaction scheme for "caff., alk.”) and vdth ^20 volume of caff. (cf. 
above in the section on the "time curve”). As seen from Figure 1 
(cf. the 100 %-values after 10 minutes) the extinction with ^/jo 
volume was only ca. 75 % of that with =/s volume. As E{4>. 
at maximum (S. 57) for "caff., ac.” (= 1066) was also about 75 % 
of Ej[4i. maximum (S. 57) for "ale., ac.” (= 1384) it is most 
natural to assume that the difference between these extinctions 
is caused by the insufficient amoimt of caffeine present in the 
reaction "caff., ac.” (f.c., ^/.o volume). The difference in Ej 
between "caff., ac.” and "ale., ac.” accordingly does not mean 
that the activating effect of caffeine on the diazo reaction is 
inferior to that of alcohol. 

Figure 1 further shows that the diazo reaction with volume 
caffeine reagent reaches its maximum at the same time as that 
ivith */* volume. This docs not agree with the view that caffeine 
acts as a catalysator, for if this were the case a reduction of the 
concentration with ’/s 'would cause a diminished velocity of the 
reaction but no alterations of the final result of the reaction — 
but the opposite takes place, i.e., unaltered velocity and a final 
extinction of only ca. 75 %. So, our results indicate that f/ie action 
of cajfeme on the diazo reaction cannot he a true catalysis, and con- 
sequently the term "activator” for caffeine and alcohol in ^elation 
to the diazo reaction has been used. 


Are the Final Keaction Products of the Diazo Reaction 
with Caffeine and Alcohol Identical? 

We have shown that the time curves for the diazo reaction with 
caffeine and alcohol show clear differences. But this does not ne- 
cessarily mean that the final reaction products of the two modifi- 
cations of the diazo reaction are different. The values for Ej 
(cf. Table 1) seem, however, to indicate that a difference exists, 
but as the solutions in which these values were measured were 
not identical in composition, minor differences in the extinction 
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values arc not svifficicnt to prove a difference between tbe com- 
pounds present in the final solutions. To examine tins problem, 
further rncasureinents of entirely identical solutions of the reac- 
tions with nlcoliol and caffeine were performed. 

Tlie following solutions were j)rej)nred: 0. i ml sol.-|-0.2 ml caff.-f 
0.05 ml dimi.x.d- after 10 min. — 0, i.'- ml Fehl.-r 0.2 ml ale. {— caff., 

alk.+nlc.) and O.i ml sol. -{-0.2 ml nlc.-r0,o.5 ml dimir.-l after 10 

min. — 0.1.5 ml Fchl.-{-0.2 ml caff. {" ale,, alk.-i-caff.). These two 
inixtnrc.s represent the two Upo.s of reaction and have e.xactly the game 
composition witli the only exception of sneh difference.s which may be 
due to different end product. s of the two forms of the diazo reaction. 

Tlic re.snlts of thc.se mc.s.snrement.s of "e.'iff,, nlk.-f-alc." and "ale., 
alk.d-caff.” are .«ecn in Tnide 2. Here the c.vtinctions with alkaline 
reaction are given. The bilirubin .solution was the, same ns in the other 
experiments (5 .mg per 100 m!) and the reading.s were carried but in a 
cm thick la}-cr. As the solut ions read were prepared by adding 0.2 ml 
to the 0.5 ml-vohimc of the original reaction mixture, the Is 

calculated by multiplication by 2000 X 

Table 2. 

Exiincltons of ihe Diazo Reaction icith Alcohol and Caffeine in 

Identical Sohitions 

Filter .S. .1)1 S. 59 S. 57 

|0.2C.s 0.315 0.282 

Ate., alk.+cnff, extinctions of four solutions j 0.281 0.345 0.312 

(5 m%; V; cm) 10.272 0.322 0.307 

m--®” 0-3 1 .1 

Average 0.278 0.328 0.304 

®icm. 778 918 S51 

. . (0.310 0.37C 0.348 

Caff., alk.-i-alc. extinctions of four solutions J0.351 0.41S 0.377 

(5in%;V:Cm) jO..S35 0.423 0-371 

10.338 0.392 0.34C 

Average 0.33C 0.'4O2 0,301 

Ei?m. 910 1120 1010 

. As seen from Table’ 2, four different solutions of bilirubin "were 
measured and showed a deviation from the average value up to 
ca: ;6%. Both reactions showed a maximum with the filter S. 59, 
but the extinctions were definitely higher for the caffeine reaction 
than for the alcohol reaction. If the E} values are. compared 
to those in Table 1, it is seen that the values for the caffeine reac- 
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tion arc practically iinclmugod after the addition of the 0.2 ml of 
alcohol while ♦ho.'fc of the alcohol reaction become definitely lower 
after the addition of 0.2 ml C4jffoine reagent. 

It .<?eemp consequently correct to conclude that the reaction 
jmcnlucts as well n.s the time curve for the dinEo reaction differ for 
the two activators used. A possibility which also has to be taken 
into consideration i.s, hou-ever, (hat the reaction products formed 
in the two cases are tiic s.nme, but that they are formed in some- 
what Idpher concentration with caffeine than with alcohol as an 
activator. .As the proper! ion between tlic the two 

reactions is no.arly identical (1.2J — 1.21) for all three filtcr.s, this 
pos.=;ibility is by no means excluded. 

For the furtiier iiive.vtigation of this ])oint, nic.'i.surements with a 
larger serji.,^ of filters of the Fulfricli jihotoineter were made with 
identical yobstimis hath at alkaline, neutral and acid reaction (t.c.. “ale. 
nent.-rcaff.*', 'Vdc., ac.-rcnff.”, ‘‘caff.'. nent.-J-alc.” and "caff., ac.-f- 
alc." la^sides the two .nikalitie reactions mentioned) and so-callcd “t^-pical 
color curves” were constructed. As flic measurements for each solution 
wer^^ c.arried ottt with S filters, it is easily understood tlint they were 
vera* time-consutning and tiring, and that the extinctions obtained 
showed rather wide variation in diqilicate nnah'ses. The curVe.s con- 
sfnirted did not .show characteristic and con-staut differences between 
the reactions activated by alcohol and those activated by caffeine, 
hut. owing to the variation of the results the identity of the reaction 
products of tile two reactions cannot he proved in thi.s way. To do thi.s 
it is ncee.-tsary to {icrform rnca.surcments with a spectrograph in the 
‘risihle region or with a photoelectric photometer — instruments which 
were not at the disposal of the author. 


Snmmary. 

Tlie value.s of at the sjiectrnl maximum (filters of the 

Pulfrich photometer) are given for t he din/,o reaction after caffeine 
jind alcohol-activator at. strongly acid, neutral and strongly alkaline 
reaction. The value.s for Rolution.s containing scrum and pure 
aqueous .solutions differ a.s the former are about 10 per cent higher 
than the latter. The higher values after the addition of serum arc 
ascribed to the formation of the compound bilirubin-serum albu- 
min. The proportion liekvveen the extinctions of the diazo reaction 
at its spectral maximum and the spectral absorption at the maxi- 
mum of the yellow color showed almost the same value for bili- 
rubin-scrum albumin solutions prepared from ten different sera. 
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Tlic velocity of the dinzo rcnction is definitely higher for caffeine 
than for alcohol (Figure 3). By det-erndning tlie time curve for the 
caffeine reaction with “/e and ^/.o volume caffeine reagent it was 
made clear that the action of caffeine cannot be an ordinary cata- 
lysis. 

Measurements of the alcohol and caffeine reactions in identical 
solutions showed definitely higher extinctions for the caffeine 
reaction than for the alcohol reaction. This difference between the 
two reactions is probably due to the formation of different reaction 
products, but this could not be finally proved. 
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Obituary Notice. 

ERIK WIDMAEK. 
1889—1946. 


At his death on the 30th ot xlpril 1945 Professor Erik Widjlvrk 
)iad field the chair of medical chemistry at the University of Lund 
for a quarter of a century. Bom 6n the 13th of June 1889 at Halsing- 
borg, he entered the University of Lund in 1007 and finished his 
medical course in 1010. Two years later he obtained his M. D. and 
became lecturer (“Docent”) in physiology, but already in 1920, when 
only 31 years old, he obtained the professorship in medical chemistry 
after the sudden death of Ivab Bang. 

WiDSiAliK received his early scientific training in the physiological 
department at Lund under Professor Tiiunberg and began to study 
cell respiration. Partly under the influence of OVEETON he also took 
up investigations on the chemical conditions necessary for the main- 
tenance of the normal structure of cells and published several papers 
on these questions. Verj’" soon, however, he displayed independence 
and originality. Thus during his summer visits to the zoological station 
at Kristineberg on the west coast of Sweden, he ^vrote an interesting 
paper on the water flow in the vascular system of the jelly-fish. 

13 — 0)25^6. Acta pliys. Scandinav. Vol. 10. 
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Already in ini-l Widmauk bofirtn work nii indifferent nnreotte 
whiclj wus to occupy much of his linu' for llie reaf- of his life. He care- 
fully M-orkecl out. micromethodn for the detenninntion of acetone and 
ethanol, which have been i-xtcnaively einj>loyed in different coiintrira 
for both Kcientific and practicjil puqioKes, In hia theais for the degree 
of doctor of medicirn* (HUT) hr: showed that frt^o acetone Ik dintributed 
fairly evenly in diffew'nt- orgariH and (hat it i>n«Ke« to the urine, .-is 
well a.H to the alveolar air, in accordance witli tlie demands of simple 
diffusion. I>ater on (11)10) he demonstrated that the fall of the acetone 
concentration in the hlood follows a monomolccnlar reaction. 

t^rrespondinR results were obtained for ethanol: they were jjubllsbed 
in a scries of papers and summarized in his valnahle monograph “Dio 
thcorctlschcn Gnmdlagen tmd die praktische Verwendbarkeit der 
Roriehllich-medizinlschen Alkoholbestimmung” (1032). Ethanol was 
found to be distributed over the whole body, its average concentration 
being about. 0.7 of tliat in the blood for male and for female 
subjects. The difference is explained by the pmater percentage of fat 
in the female body. But whereas for acetone the rate of dDapponrance 
from the blood was in direct proportion to the concent Httion, with 
ethanol the fall was independent c»f the level. The .*uime was found 
for methanol, but the rate of disappearance was much smaller. In a 
.special study the ethanol concentration in hlood and urine after death 
was followed. As a result of these various investigations, the medico- 
forensic use of ethanol hlood determinations obtained a firm and 
reliable foundation, and Wjdm.uik himself contributed with studies 
on the correlation het.woen clinical .s^^nptonls and the hlood alcohol 
level. 

This \vork of his was performed in the borderland hetwoon phy.siology 
and biochemistry', whore ^YJD^fAnIC felt, especially at home. Numerous 
paper's on vitamins and on nutrition also belonged to this domain. 
Ihus WiD3L\nK obsors'od that plants which had lost their capacity 
to produce chlorophyll and lipochrome were unable to synthotizc 
vitamin A, and he further investigated school-children’s requirements 
of fat-soluble vitamins. Other publications dealt with different kinds 
of bread, -rrith the selection of food etc. 

WiDMARK also published contributions in several other fields, c. g. 
on lactation hyiioglycemia, on organic acids in urine, on oxalic acids 
m \egetables, on renal calculus, and he described a microburette and 
a now method for the quantitative c.xtraction of fluids, lie was, further, 
le au lor of nuracroiis popular articles on current* problems of the 
day. Much appreciated by his students as a teacher, he was able to 
stimulate many of them to scientific activity. 

He leaves behind him the memory of an energetic scientist with 
broad interests and fruitful ideas. 


G. TAljcslrand. 
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In lat-er years, the indicator method developed by Professor 
Hevesy has initiated an e.vtended use of artificially radioactive 
elements in biological research. This development claims a con- 
venient apparatus for the measurement of radioactivity. Usually 
a Geiger-Miiller tube counter connected with an amplifier and a 
recorder is employed. With the essential improvement of the 
tube counter, according to Trost (1937), new demands are raised 
to the registering arrangement. 

Since the appearance of the work by Hilde Levi {1941), a com- 
plete counting apparatus has been constructed in this institute, 
which has for a long time worked satisfactorily. 

The present paper deals with the construction of the counter 
and the amplifier as well as the statistical problems involved in 
the registration; furthermore an arrangement for automatical 
changing of the samples is described. 

L The Geiger-Muller counter (by B, Madsen). 

1. For the recording of single a-particles Rutherford and 
Geiger (1909) have indicated an “electrical method” which proved 
to be of greatest significance as the first step in the develop- 


* Dedicated to Professor Niels Bohr on the occasion of his COth birthday. 
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ment of the “counter”, a very important measuring instrument 
in radioactive vork. 

Between a wire and a plate an electrical field with a great 
gradient is formed. Tlie electrodes arc enclosed in a gas of suitable 
pressure. Wlien an ionizing particle passes through the field it i.s 
possible by a suitable choice of potential to obtain a secondary 
ionization d\ic to collision, so that the voltage impulse is proportional 
to the amount of primary ions even though considerably amplified. 


-f- voltage 


counter 



R 


to amplifier 


rig. 1. 


Coimters based on this principle are applicable to measurements 
of radiation of intense ionizing, but not of /S-particles. 

In the peak-counter constructed by Geiger (1913) which in 
its latest form, the Geiger-Mulder tube counter (1928, 1929), 
has found extended use, the function is essentially changed. 
As before, the ionizing particle is sent into a field with a great 
gradient, now between a cylinder and a wire placed in its axis, 
bub the voltage over the counter is chosen so as to exceed the 
limit of proportionality. As before, the ions are amplified due to 
collision, the factor of multiplication, however, being so great that 
the light of recombination forms photoelectrons in numbers suffi- 
cient to continue a stable discharge. If the voltage is reduced the 
discharge can be extinguished and, for this purpose, the resistance 
R is inserted (fig. 1). Used in this way the covmtcr replies to any 
ionizing radiation, giving no information, however, regarding the 
magnitude of the primary ionization. The coimter is working most 
satisfactorily when, as shown in fig. 1, the wire is made the anode. 
The connection between the range of proportionality and the range 
of real coimting appears from the works by Werner (1931). 
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If tte filling gas is a pure gas (air or hydrogen), the space charge 
formed by the positive ions is of little influence and, to extinguish 
the discharge, the resistance B. must have a value of about 10® Q. 
This is inconvenient, for such high resistances do not keep theic 
values constant, and further the time constant for the system 
counter capacity — series resistance is 10"® — 10“® sec. This quan- 
tity determines the resolving power of the counter. 

2. Small admixtures of heavy vapours, especially alcohol vapour. 


6000 


.| 4000 


^ 2000 


850 900 950 1000 1050 volh 

voltage over the counter 

Kg. 2. 



enable the ions to form a space charge sufficiently stable to 
extinguish the discharge. Then R can be made small, 1 — 10 Mi2. 
Now, the resolving time x of the counter is a quantity associated 
only with the interior processes in the counter. The ordinary gas- 
idling gives for counters of normal size r = 10"* sec. and stiU less 
for smaller counters. For the actual use of a counter, the knowledge 
of the counting rate as a fimction of the voltage is necessary. At a 
certain voltage the coimter starts recording; with increasing 
voltage, the number of impulses increases rapidly to a value which 
is more or less constant over a certain range of voltage, until it 
finally increases again. In fig. 2 the number of impulses is shown as 
a function of the voltage for a counter of the type described in the 
following. 
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It is possible to define a ‘“counting” (counting rate) only if the 
characteristic curve shows a const ant range. In that case, the count- 
ing is proportional to the intensity of primary radiation, when 
losses due to the limited resolving power of the counter arc taken 
into consideration. 

If a particle passes through the counter in a boundary domain 
of weak electric field it is not recorded with certainty. The number 
of impulses within the counting range of voltnge will then depend 
to some extent on the voltage, so that a completely constant range 
of the characteristic may not be expected, c.spccially not for 
comparatively short counters. 

After a counter discharge, there is a certain probability for 
the start of a secondary discharge, not due to ionizing radiation 
penetrating into the counter. This probability increases with the 
over-voltage (= counter v. minus start v.) and dccrca.ses rapidly 
with time. The secondary discharges afford the principal cause of 
the gradient of the characteristic curve. 

The magnitude of the voltage impulses increases with the over- 
voltage, the increase being strongest at the beginning of the 
characteristic. The starting voltage of the counter (t.c. the voltage 
at which the counter begins recording) therefore depends in some 
degree on the sensitivity of the registering apparatus. 


Details of construction. 

3. Trost (1937) has investigated the behaviour of counters 
filled with gases of var}’ing composition. The best counters were 
obtained with a mixture of 90 mm argon and 10 lum alcohol. 
Contamination by air within about 10% proved to have no essen- 
tial effect. 

Further, the cathode material — but not the anode material 

is of importance for the quality of the counter. Brass is generally 
used, hut slightly oxidized iron is jxist as suitable.^ The secondary 
discharge effect can be somewhat diminished by gilding the 
inner . side of the cathode. 

^ ith the use of counters for series measurements, often extended 
over a long time, claim is laid to stability and durability. This, in- 
ter alia, makes it necessary to use clean materials for isolation and 
cementing. Counters built with ebonite insulators and cemented 

dispMal ^ indebted to Mr. Zekaiin for kindly placing this result at his 
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with picein are not durable, because the materials give off gases 
and absorb the alcohol vapour, whereupon refilling soon becomes 
necessary 

When the radiation to be measured is a penetrating radiation, 
it is preferred to build the counter enclosed in a glass vessel which, 
after gas filling, is sealed off. If, however, the radiation consists 
of a-particles or slow /9-particles, a thin window is indispensable. 
!MicR is used on account of its considerable strength, and among 



many cements selenium has been found to be most suitable. 
Other demands are: a large space angle and a small natural effect 
(zero count), so that a weak radiation can be measured. If no 
radioactive contamination is present, the natural effect is nearly 
proportional to the surface of the counter. 

4. A handy construction is shown in fig. 3. On a tube of brass 
or compressed steel an edge is turned and over this a steel flange, 
A, is pressed. Between this and another steel flange, B, a mica 
window is cemented. Round the tube a cover of Jena glass (16^^) 
stands cemented upon A. The wire, a platinum wire 0.15 mm in 
diameter ending in a sphere about 0. G mm in diameter, is intro- 
duced through and supported by a glass tube. A slight improvement 
in the correct measurement of the relative countings of samples of 
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greatly "varying activities can. be obtained by making the inner 
side of the mica window conducting; tins can easily be done by 
burning gold on the mica. Then, tlic splierc on tbc counting wire 
must be placed 5—6 mm from tlie window. During evacuation and 
filling the side tube, narrowed for scaling off, is connected witli 
the pump arrangement by a short thick-walled rubber tubing. Be- 
tween the fillings with alcohol vapour and argon the connection is 
closed by a clip. The flange of the glass cover is ground to a plane 
by means ot carborundum powder. After washing with water, the 
remaining grinding powder is removed by etching with fluorine 
acid. The mica window is 28 mm in diameter. With a free diameter 
of 14 mm windows weighing about 2 mg/cm* arc u.sed. Thinner 
windows will not safely stand atmospheric pressure. 

5. Before the counter is as-semblcd it is neces-sary to remove 
eventual radioactive contamination. Glass, mica and .steel are 
wetted Avith alcohol and plunged into cone, nitric acid fthe method 
is indicated by Holm Jkxsen (1944)). Brass is rinsed in dilute 
nitric acid. 

The counter is assembled on a heated brass plate where a small 
crucible with selenium is also placed. It must be avoided that on 
the flange A so much selenium is smeared that it runs over the 
rounded edge. Hereby the window gets a sharp bending and 
rupture may occur. If any selenium vapour is condensed on the 
glass cover it may be removed by means of a small flame, while 
the counter is still hot. 

After assembling, the counter must be cooled rather rapidly. 
By slow cooling the selenium solidifies iu a grey crystallized form, 
and the joint glass-metal is probably not vacuum-tight. A suit- 
able cooling rate is obtained when the counter is pushed from 
the hot plate to a cold brass block. Tlie selenium then becomes 
smooth, black and viscous, and even after cooling the counter to 
0 the joint remains tight. The flanges are made of iron on account 
of its small expansion coefficient. 

Before the filling, the counter must be tested for tightness. Small 
leaks may be difficult to discover. In the finished counter they 
cusclo^ themselves by a uniform rise in the start potential. 

. This coxinter has an effective space angle of • 4 jt — | * 4zc, 
the preparation being placed close to the flange B. If both the 
counter and its surroundings are free from radioactive contamina- 
tion, the natural effect can be reduced to about 2 kicks/min. bv 
shielding with 5—10 cm lead. 
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7. The counter voltage is usually taken from a high tension 
rectifying supply giving 2800 volts D.C.; 1260 volts is laid over a 
filter consisting of resistances and condensers. The remaining 1640 
volts are stabilized by means of 11 small neon lamps. This high 
tension supply, which is much used in connection with Gr.-M. 
counters, gives a very constant voltage. 

IL Amplifier and recorder circuit (by J. Ottesen). 

At normal working voltage the above described counter causes 
impulses of the magnitude of about 0.5 volt. As the scale circuit 
described later requires impulses of about 50 volts the amplifier 
must jueld an amplification of more than 100 times. This amplifi- 
cation is most suitably obtained by the use of two stages. As 
mentioned before, the counter is self-extinguishing and can there- 
fore be connected with a usual proportional amplifier, even if 
a small leakage-resistance is used. Nevertheless it has been found 
that in some cases it might be advantageous to make the resolving 
time of the amplifier, i.e. the time that passes from the moment 
the amplifier has reacted to an impulse till it can again react to an 
impulse, somewhat larger than the resolving time of the counter. 
In this manner some of the secondary discharges will be avoided 
in the countings. The probability that a discharge produced by 
an ionizing particle is followed by a secondary discharge in- 
creases strongly with the over-voltage and, in this way, a larger 
serviceable range of voltage and a smaller increase on the char- 
acteristic of the counter can be obtained. 

An amplifier with a suitable resolving time is preferably ob- 
tained by means of a multivibrator circuit (Jacobsen and Sigur- 
GEIR.SSON, 1943, Getting 1938) and with a double pentode of the 
same type as the scale valves ELL 1 a very simple construction 
is obtained (fig. 4). The impulse of the counter is transferred to 
the control grid of the first valve. The voltage divider Ej — (R 2 + 
R 4 ) and the cathode resistance RV are adapted in such a way that 
the first valve amplifies reasonably; the anode current of the 
first valve is then about 3 mA. The grid bias for the second valve 
is chosen so that the anode current is nearly zero. A small negative 
impulse on the grid of the first valve will cause an increase in the 
anode potential of this valve. This increase is coupled to the grid 
of the second valve through the condenser Ci with the result 
that the anode potential of the second valve decreases. This de- 
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crease in turn is transferred to tlie grid of the first valve mainly 
through the condenser C., etc. The process continues until the 
anode current in the first valve is zero and the anode and tlic ca- 
thode in the second valve are at the same potential. J3y means of 
the voltage divider Rj— E, the control grid of the first valve is 
kept negative just as long as the anode voltage of the second 
valve is not altered. Therefore this state is steady until the poten- 
tial of the control grid of the second valve decreases below the 



cathode voltage by the charging of the condenser C^. Then the 
ano e potential of the second valve is increasing. By means of the 
condenser Gj this increase is transferred to the grid of the first 
^ a ve, etc. The currents in the valves resume very quickly the same 
values as before the impulse arrived from the'" counter. The de- 
crease m voltage of the anode of the first valve will produce a 
e negative voltage of the control grid of the second 
lo • what ior a short time after the process, a much 

rger impulse than usual is required to make the amplifier react. 
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Wiien Cl has been discharged through Ec + E3 the amplifier will 
have completelj’ recovered. 

The resolving time of the amplifier is almost proportional 
to the capacity of the condenser Ci. The resohdng time of coimter 
-f amplifier is measured by means of 2 radium sources and a 
“Scale of 128’’ to 7 X 10-^ sec. with Ci = 100 pF and to 3. 6 xl0~^ 
sec. with Cl = 500 pF, the working voltage of the coimter being 
100 volts above the starting voltage. The method is described in the 
following chapter. The resolving time decreases a little when the 
voltage of the counter increases and with Ci = 100 pF and an 
over-voltage of 220 volts it has been measured to 5 X 10“® sec. 

The smallest resolving time which can be used is determined 
by the counter. Many counters give a poor plateau and may be 
useless, when the amplifier has the small resolving time, obtained 
\rith Cl = 100 pF, because many of the secondary discharges 
then are coimted^ but •with Ci == 500 pF most of the secondary 
discharges arc not counted and consequently a good plateau is 
obtained. As mentioned in Chapter I, the described counter joined 
together by selenium perhaps allows faster counting, when the 
cathode is gold-plated. 

The amplifier has been tested "with 4 different valves, which 
all worked with an anode voltage supply varying from 180 volts 
to 235 volts. The starting voltage of the counter is up to 15 volts 
lower at 180 volts than at 235 volts. At 210 volts the difference 
betiveen the starting voltages ‘W'as no more than 15 volts. If the 
condensor Cj is omitted the amplification "will depend more upon 
the v’oltage and may fail at 180 volts with the resistance values 
used. 

The anode supply is obtained from the 220 volts d. c. mains. 
The noise impulses are removed by means of two filters, 
each including a choke and an elcctroljdic condensor. The filament 
supply is obtained from the 220 volts a. c. mains by means of a 
transformer. Here, the noise impulses are greatly diminished by 
two condensers, 10,000 pF each between both primary terminal 
and earth. The rest of the noise impulses are eliminated from the 
cathode by the condensor C3. Shielded in this manner the amplifier 
only counts the noise impulses produced by switches close to the 
amplifier, i.e. ivithin a distance smaller than about 1 m. 

The mechanical recorder is a standard telephone message 
register supplied by the Telephone Company “Automatic”, Copen- 
hagen. It is driven by a gas-filled triode. The discharge is quenched 
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fit 




either by ‘'breaking” contact ■\vhicli interrupts the current or 
a making contact which decreases the anode potential to zero. 
In the circuits shown in fig, 5 a and 5 b the noise impulses pro- 
duced by these processes are so much diminished that they do not 
mterfere with the ampUfier. In fig. 5 a this is mainly obtained 
by the condenser and the resistance E,. 
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HI. Scale circuit and statistic analysis (by J. Ambrosbn). 

Tbe resolving time for tbe mecbanical recorder is mucb greater 
than for tbe counter. At higher rates of counting it therefore becomes 
necessary to diminish the number of impulses before they reach 
the recorder. This is accomplished by inserting between amplifier 
and recorder a number of stages of the “scale of two”, introduced 
by Wynn-Williams (1931). Each successive stage divides the 



counting rate by two. The first “scales” employed Thyratrons: 
later diagrams utilize ordinary electronic tubes. (Lifsohutz 
and Lawson 1938.) Fig. 6 shows the principal features of such 
a sj^tem. It contains two tubes with the anode circuit resist- 
ances E2 and R3 and the grid-leak resistances E6 and E7. A 
resistance and a condenser in parallel are connected from each 
anode to the grid of the opposite tube. One tube will allow anode 
current to pass, so that its anode potential is low. Accordingly 
the grid potential is low in the other tube, which will not allow any 
anode current to pass. Using suitable values of the components 
the system has two stable states with anode current passing in one 
tube and the other tube non-conducting. The impulses to be 
counted are impressed on the grids in such a way that every 
impulse causes the system to jump from one of the stable states 
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and if it is too loir, the tubes will oscillate between the two 
stable states at a very high frequency. 

This scale will work for a number of impulses pr. min. as high 
as at least 45,000. The time interval between two particles which 
can be separated by the system is therefore smaller than about 
2.1 sec. 

Finally, we shall calculate the highest obtainable counting rate 
and the scaling-down ratio necessary. 

Let us assume that the number of impulses is on the average 
f pr. sec. and put t = 0 at the arrival of one particle at random. 
The probability of getting at least one (possibly more) particle 
in the subsequent time t is: 

P, = 1— e-^«- (1) 

For a coimter, an amplifier or a register with the resolving 
time T this formula gives the fraction lost in the apparatus, if t 
is substituted for t. 

In a similar way it can be shown that the probability of arrival 
of n (f.e. at least n, possibly more) particles in a time t is: 


1 ! 


2 ! 


+ • • • b 


.( 2 ) 


(n-1)!. 

For a register counting every n^'^ particle and having the 
recovery time t, the formula (2) gives the fraction lost if t is sub- 
stituted for t. 


Pn(n = 1, 2, 4, 8 , . . . 128 & 256) is calculated for different 
values of ft and given in fig. 8 on a double logarithmic scale, and 
these will be used in the following calculations. 

The apparatus in question has a tube coimter and an amplifier 
interconnected in such a way that the joint recovery time is 
Ti = 4 • 10~® sec. The scale of two's and the register have To = 
2 • 10~® sec. and T3 = 4 • 10"^^ sec., respectively. 

We shall now allow a general counting loss in the apparatus 
of one percent, a loss, which can easily be corrected for. Since 
T3 is much greater than Ti, which is again greater than we shall 
first deal with the loss in the register.^ 

1. Curve I shows that if the register was connected directly to the 
amplifier a loss of 1 per cent was reached already when fT3 = 0.01 
OT i impulse per sec., which is a very slow counting rate. 

(It can be read from the curve too that an average of 150 impulses 

^ When a register is used at a high rate of counting the amount of the loss 
depends on the mechanical construction of the register (Rvaek and BnAinfEK 
1937). For losses which in accordance with our assumption are smaller than 1 pCt, 
however, the differences are negligible. 



208 J. AMBROSES, B. MABSEN, J. OTTE3EN AKD K. ZERAIIS. 

pr HUB. "will be counted witb a loss of 10 per cent, and perhaps it is 
not superfluous to stress, that what would be estimated as com- 
paratively slow counting will show losses which by no means 
are negligible. 

By inserting one single scale of two it is po.ssible to increase the 
counting rate 15 times before reaching the one per cent-limit 
(curve 2). A second stage again improves the counting rate by 
a factor 5. After 3 stages fra is equal to 3, which represents 
counting 4,600 particles a min. with 1 pet loss,’^ 



2. An increase in the number of “scale of two”-stages obviously 
improves the obtainable counting rate. But this cannot be ex- 
tended indefinitely. At still greater counting rates the losses in the 
G. M, counter and the amplifier are no longer small, but reach 
the one percent limit. 


The value of fr for which thus occurs can be found in the following 
way, the r atio Tj/ti is equal to 1000/1; therefore the losses in 

calculated under the as.sumption that the particles were 
f Jinn n- A ™ time; in fact the counter eliminates nil intervals smaller 

(1938)_havo discussed tho alteration of the formulas 
is negligMe condition, r, being here much larger than t„ the error however 

than^n^T*^ counter cannot register n particles in a time smaller 

aslow connW f*"®, consequently no losses in the register. For 

^ Stow counter (airfdled without alcohol) is e. ff. t, = 5.10^3 sec, also accordingly 

- 8 and it is useless to have more than three stages of scale of two. 
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counter plus amplifier in the diagram are represented by the dotted 
line u'ltich is found by shifting the ciurve 1 with an amount of 3 
units (log 1000) to the right, fr from the diagram is read to 10, 
which corresponds to 15,000 particles per min- 

Counting a still higher number per min. means first that it .is 
necessary to use 5 or more stages of scales of two but, nevertheless, 
a loss greater than 1 pet is inevitable. 

3. Finally the fact that r is smaller than Ti shows that the scaling- 
down system mider no conditions gives rise to losses in the counting. 

It was shown in the foregoing that one scale of two will increase 
the speed of counting by a factor of 15 at the 1 percent-limit. That 
means that the fraction of particles lost is unaltered although the 
register counts now 7.5 limes faster. This surprising improvement 
is caused by the altered distribution in time of the impulses trans- 
mitted to the register. By increasing the number of stages the 
distribution becomes more and more regular, which means that it 
is possible to count with negligible losses a number pr. min. which 
nearly corresponds to the maximum speed of the register. A 
rather small increase in the counting will, however, then give 
considerable losses. This appears in the curves which for the higher 
values of n are nearly vertical. 

By the method given above it is possible to find an approximate 
value of the counting loss for different numbers of particles 
pr. min. It is important, however, that the actual loss is checked 
by experiment. The usual way is the following: the number Si 
of particles pr. min. due to a radioactive source at a suitable dist- 
ance from the counter is measured. Then the measurement is 
repeated for another source, with the result Sg and, finally, the 
number pr. min., S, is counted when both sources are used simul- 
taneously. If S is smaller than (Si -f Sg) there is a loss, and the 
magnitude of the loss is also knovm. (The natural effect or ‘‘Zero- 
count” of the counter, without any radioactive source in the 
vicinity, of course must be subtracted in the above determinations.) 

In this way the whole apparatus including counter and register 
can be controlled as a unity. 

IV. Arrangement for measuring automatically 

(by K. Zerahn). 

1. In the study of biological problems by means of radioac- 
tive indicators a frequently appearing task is the comparative 

14 — i52556. Ada pliys. Scandinav. Vol.lO. 
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measuring of radioactive samples. It is not a specially troublesome 
work, but it demands someone to change the samples and to read 
the mechanical counter. When many .samples should he measured, 
it may be of importance to do this automatically. An arrange- 
ment answering thi.s purpose i.s de.scribed in the following. The 
samples to be measured are placed in small aluminium di.she.s. 
The samples are changed when a clock makes a contact and 
each sample is measured on its own meclianical recorder. I'ig. 9 




shows the apparatus in elevation, lig. 10 seen from above. The 
aluminium dishes are placed in 6 indentures in the circular disc S, 
and the indentures are placed in the corners of a regular hexagon. 
The disc S is firmly fixed to the shaft A which can move on two 
pin point centres. 

Since the counting rate is largely dependent on the distance 

from the sample to the G-. M. counter, the disc S has not to warp 

more than a fraction of 0. 1 mm. The shaft A and the disc are moved 

y a weight of about 1 kg. suspended in a steel wire (not shovTi in 

the fig, ). The steel wire is wound on a pulley Ti which is fastened to 

another pulley T^. On T, another steel wire is wound in the opposite 

mrection of the first wire, holding a small weight. The pulleys are 

as ened to the ratched wheel K, and can so turn freelr around the 

•• 
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c 



shaft in one direction. By pulling domi the little ■weight the ap- 
paratus can be prepared for a fresh set of countings. In the border 
of the disc, 30° from each indenture, a steel pin is fastened by a 
small machine screw. The pin P will stop the movement of the 
disc by pushing against the stop KL. HL is mounted on the anchor 
of a small electromagnet M. One pin only can pass the stop when 
the anchor is attracted by the magnet. In an earlier paper this is 
described in detail {K.-Zerahn,,1945). The anchor is attracted when 
a synchronous clock connects two contact springs, e.g, every' half 
hour. In order to avoid shaking of the samples one has to moderate 
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the movement of the disc; this may be done by connecting it witli a 
piston moved in oil Furthermore, an insulated radius B, fastened to 
the shaft, carries a screw Iv, which presses the contact springs F 
together (only one couple is shomi in fig. 10). *3!'liesc contact springs 
connect the electrical circuit to the respective mechanical recorder. 
In fig. 5 b the conducting wire W is connected by the contact 
springs. The radius with the screw has to be placed on the sliaft in 

such a way that the screw 
connects a couple of contact 
springs when a corresponding 
indenture is right under the 
G. M. counter. This position 
must be taken up when a 
pin is stopped by KL. The 
G. M. counter i.s placed at C 
(fig. 10) and can be surrounded 
by a thick layer of lead. 
Mechanical recorders with 
“making contact.s” are used 
because this is most con- 
venient. The idea to use a 
mechanical recorder for each 
sample was suggested by 
Professor J. C. Jacobsen. 

2. When placing the radio- 
active samples in aluminium 
dishes and measuring them 
Fig. n. by pushing the dishes under 

a G. M. counter, only a frac- 
tion of the rays is utilized. If the rays are not too weak, a 
greater part can be utilized by placing another coimter under 
the aluminium dishes (c/. fig. 11). Each counter is connected with, 
an amplifier of its oum. Thus, the sample will be measured by 
the upper counter with an absorption of the rays caused by the 
m mica vdndow and the air. By the lower counter the absorjJtion 
from 1/10 mm aluminium (thickness of the dish) wiU be added. 
It the rays from the sample are relatively hard the two counters 
will yield records of the same number, but if some of the rays are 
weak the upper counter will record relatively more. The use of two 
wunters yields the following advantages: In the first place, two 
easurements of the sample are obtained simidtaneously if the 
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rays are not especially -weak. In the second place, the ratio between 
the results from the upper and the lower counter makes it possible 
to estimate the hardness of the rays from the sample and so per- 
haps to detect the presence of false acthdty. Finally, the statis- 
tical uncertainty will be diminished, in view of the increase in 
the total amount of recorded impulses. 


Summary. 

The present paper gives a detailed description of the construc- 
tion of a Geiger-Muller counting tube, amplifier and recording 
device suitable for biological research. Furthermore, the statis- 
tical relations involved are discussed. 
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Description of the Procedure. 

We are using dishes liaAang a diameter of 5 mm and a depth of 
0.5 mm. The collar of the dish has a breadth of 3 mm. The dish is 
placed in a brass-ring denoted a in fig. 1, which fits in the sledge 





a 




b 


Fig. 1. 



used in all our counting arrangements. To protect the sample an 
aluminum-foil having a diameter of 14 mm and a thickness of 0.01 
mm is pressed on to the collar of the dish. The foil is pressed on to 
the dish in the following way: the dish is placed on a brass-holder 
showm by b in fig. 1 and after placing the sample into the dish the 
foil is pressed with two fingers against the collar of the dish. The 
fingers used to carry out this process are protected by rubber 
coatings. The final fixing of the foil is carried out by placing the 
dish in the brass-ring mentioned aboA’^e and by pressing the foil 
wdth the cylinder denoted c in fig. 1. We obtain the weight of the 
sample, by weighing the dish after the aluminum-foil is fixed and 
by determining the weight of the empty dish and the foil. 

We are interested to know the activity of the sample in per- 
centage of the radio-phosphorus injected. To arrive at this figure 
a few mm® of the active solution is placed in an aluminum dish 
vdth the aid of a micro-pipette (Holter 1943) and obtain thus a 
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Standard preparation. Tiic dish is tlien treated as described id)ove. 
While the wciglit of tlic standard })reparation obtained by the last 
described treatment is negligible the ^Yfcight of the nucleic acid 
sample may amount to some mg. In such a samjile some absorl)* 
tion of the ^-rays emitted by the active nucleic acid take.s place- 
The error due to this absorption is determined in the follon-ing 
way: the activity of a standard sample of negligible weight is 
measmed. The measurement is then repeated after placing 4 mg 
inactive nucleic acid above the standard sample. The activity is 



found to be reduced by 8 %. Assuming the absorption in a very 
thin layer of nucleic acid to be proportional to the thickness of the 
layer we find the average activity of the nucleic acid sample weigh- 
ing 4 mg to be 4 % smaller than tlie activitv of a sample of negli- 
gible weight. 

It is of interest to note that this error is to a large extent com- 
pensated by the fact that hy increasing the weight of the sample, 
e sample comes nearer to the window of the counter tube and 
produces a correspondingly higher effect on the counter. The 
extent of this effect can be estimated by the following considera- 

T+t, ^ point source at a distance a from the window 

0 e counting tube, the diameter of the w'indow being equal to 

o'ri ^-radiation reaching the counter we con- 

1 er e so id angle v. This is given by the equation: 

V - = 1 ^ ,1. 

47r + I d*) - “ 2 
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When plotting the logarithm of v against a we get an approxi- 
mately straight line as shown in fig. 2. It is indicated by the 
figure that by diminishing the distance from 7 to 5 mm the activity 
increases from 100 to 143, a result which was also verified by 
the experiment. The figure is furthermore indicating that a de- 
crease of the distance of the preparation from the window by 0.25 
mm leads to an increase in the actmty registered by the counter 
amounting to 4 %. 

While in the case of a sample weighing 4 mg the error due to 
the absorption of the /9-rays in the sample is compensated by a 
corresponding increase in the amount of radiation reaching the 
counter due to the fact that the sample gets nearer to the window 
of the counting tube, this is no longer the case when the sample 
weighs for instance 1 mg. The correction to be applied for samples 
of different weight are stated below: 


! ; 1 

1 Amount of nucleic acid measured in mg ' i- 

1 

2 , 3 

i 

4 j 

i Percentage correction to be applied ; — 3,5 ' 

1 1 ; 

1 

-3 




The arrangement described is more sensitive than that formerly 
used in this laboratory and described previously. When measuring 
the activity of small samples e.g. 2 mg the number of counts 
registered by the coxmter arrangement described in this note is at 
least one and a half time as high as that registered by the former 
arrangement. 

Summary. 

A method is described which permits the quantitative deter- 
mination of the radioactivity of minute samples. 
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Tlie Effect of tlic Active Tliyroid Suiistance 
on Metal)olisiii and Otliei* Functions in 
Oninea Pigs. 

Hy 

WAPITI KROGH' and ANKA-LOUISE LINDBERG. 

Kcceivcd 7 July 1945. 


Itt 1931 and 32 the present authors published papers in Danish 
concerning the physiological activity of iodine as combined in 
thyroxin and in normal and pathological thyroid glands. The ac- 
tivity vras studied mainly hy determinations of gaseous metabol- 
ism in young, but mature, male guinea pigs, weighing about 700 g. 
Apparatus and methods were described in some detail in tlie fixst 
Danish paper (1931) and summarily in English (1932). An extended 
series of experiments on different animals, including mice, pigeons, 
dwarf fowls and guinea pigs of different age, had shown the mature 
male guinea pig to he the most suitable, because he is easily ac- 
customed to the experimental routine and then shows a remark- 
ably constant metabolism averaging when the animals are in the 
postabsorptive state and perfectly quiet (standard conditions) 
103 ml Oa/ m- surface arca/minnte at a temperature, measured in 
the water bath surrounding the animal chamber, of 30®C. In the 
experiments then made the metabolism was determined before, 
during and after administering dried pig thyroids, human thyroids 
or different th}Toxin preparations by mouth to the animals in 
a dosage of 7 X 4.5 mg iodine per sq.meter distributed over a 

accordance ivith a wish expressed hy JiIarie Khogh before her death A. 
wnrV ? ^!jben upon himself the task of penning in English this report of a 
nf cv, 1 bas given much thought and labour. A small number 

pp ementary experiments were carried out in 1943 and 44 by the junior author. 
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fortnight. The surface area -svas calculated according to the for- 

3. a 

niula 8. 9 y weight . The constant 8.9 is taken from Tabulae Biol. 
Berlin 1926. This administration caused a gradual rise in metab- 
olism which reached in about a Aveek a relatively constant level. 

The determinations showed a someAvhat lower activity for thyr- 
oxin as compared with dried thyroid glands, either normal or 
shoAving colloid goitre, while the effect of glands from exophthalmic 
goitre AA-as distinctly less per unit iodine, and it A\'as concluded 
that the iodine in the glands is normally present in an active form 
either more potent or more easily absorbed from the intestine than 
thyroxin, Avhile in the exophthalmic goitre part of the iodine 
content, AAdiich is regularly loAver, is inactiA'^e. The result that nor- 
mal tliAToid glands liaA’-e a practically constant metabolic effect 
per unit iodine is at A'^ariance AA’ith earlier determinations (Mobch 
1929), but is corroborated b}’’ later studies (Jobpes 1933) and 
definitely confirmed by the assays recorded beloAA'. 

These studies AA-ere continued year by year in connection Avith a 
routine assay of th}Toid preparations. A couple of papers were 
published in Danish in 1936 and 37. The results of these will be 
briefly recorded here and the accumulated material AA’ill be further 
utilized to establish the relation betAA*een the dose of active iodine 
and the metabolic effect under the standard conditions described 
aboA'e. 

In 1935 a comparison AA'as made betAveen the effects on body 
AA'eight, metabolism, pulse- and respiration frequency of male 
guinea pigs 1) of the partly purified thyroid product, elityran, 
claimed to possess .special AA’eight reducing properties and contain- 
ing 630 mg iodine per cent, 2) normal dried glands Avith 220 mg% 
and 3) thjuroxin AA'ith 65,000 rag%. Of the impure preparations a 
quantity corresponding to 4.5 mg J/m- AV’as given by mouth on 
alternate days, but of thyroxin 6.5 mg J/m“ subcutaneously. 

As seen from table 1 there is very little difference in the effects 
on the metabolism, pulse- or respiration rate, and no difference 
could be observed regarding the symptoms of thirst, loss of hair 
and nervous excitability. There is an inexplicable difference in 
loss of weight which appears definitely lower for elityran. 

6 5 

Although the thyroxin dose Avas larger than the others — the 

At* V 

effect is if anything smaller and it Avas therefore now decided to 
make a few more comparatiA’^e determinations in which the same dose 
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of thyroxin is found to be just the same whether given by mouth 
or subcutaneously it seems legitimate to conclude that the dif- 
ference has nothing to do with anj change taking place during 
digestion or absorption which latter appears to be complete. This 
result in so far agrees with the finding of Dbesslek and Holling 
(1940) on young guinea pigs of 300— 500 g that they found thyroxin 
iodine subcutaneously administered to be weaker than dried thyr- 
oid iodine by mouth in the relation 3. 7/4. 4 = 84 %, but in two 
experiments in which the thyroxin was given by mouth they 



found a much lower activity (3.7/10.4). We have no explanation 
to offer for this striking discrepancy. 

In 1936 the effect of a-dinitrophenol on metabolism, weight, 
pulse and respiration was compared with that of thyroid prepara- 
tions and of thyroid stimulating extracts from the hypophysis. 
It was found that dinitrophenol in doses of 133 mgjm^ given by 
mouth produces a rise in the metabolism which reaches a maximum 
of 160 — 180 ml 02 /m''/miu. in about an hour and falls again a few 
(about 4) hours later so that it is back to normal in less than 12 
hours. A large dose (250 mg) causes a much higher rise (to 240 — 
290 ml) which falls off more rapidly. The effect of thjuoid or 
thyroxin sets in much more slowdy and is maintained longer. 
By injection each day of the thyroid stimulating hormone the 
metabolism takes two days to reach a level of 140 ml Oj/m^/min. 
and remains there until a couple of days after discontinuation of 
the injections (Fig. 1). The rise in metabolism is brought about 
mainly by an increased catabolism of carbohydrate, when this is 
available, as shown by determinations of the respiratory quotient, 
but when the glycogen stores are reduced fats are progressively 
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attacked. Dinitrophenol does not, a.H jt!?sunicd by Dumlod {1931), 
mainly stimulate the catabolism of fats. The protein metabolism 
is raised only slightly as shown by nnaly.sc.s of the urine. The com- 
bined metabolic effect of tliyroid -f a-dinit rophciioi greatly ex- 
ceeds the sum of the effects obtained by the.se substances separ- 
ately, as shoum by Alwall (1030) for rabbits. 

In 1937 the effects of inorganic iodine compound.^ and of di- 
iodotyrosinc on simple In'porthyroidism and on experimental 
“Basedow” disease were studicdi in collaboration with H. Okkei^, 
The di-iodotyrosinc was included, bccau.se it was claimed by 
Abelin (1931) that this substance could reduce the effects of simple 
h}’perthyroidism brought about by feeding tliyroid to animals. 
Experiments were made on 4 groups of guinea pigs .selected as 
before and having their normal standard metabolism determined. 

T. H}T)erthyroidism was brought about by ever}' day injections 
of a thyreo-stimulating hypoph\>’cal extract and the “Base- 
dow” thus produced treated with inorganic iodine. 

II. Tlie same hyperthyroidism was treated with di-iodot)*TOsine. 
HI. H}'pGrth}T:oidism procuded by feeding thyroid was treated 
with inorganic iodine or 
lY. with di-iodotyrosinc. 


Body weight and metabolism of each animal was determined 

every day during the experimental period, and 24 hours after the 

last dose of hormone or thyroid the animals were killed and the 

histology and c}"tology of the thyroid examined by Okkels, wlio 

was given no information regarding the experimental history and 

m reporting his findings referred only to the number given. " 

roup I comprises 11 animals of which 6 were given Lugols 

so ution diluted to 1/10 and 5 a corresponding solution of potas- 

sium 10 ide. 5 mg J were given daily by mouth, but beginning a 

^ starting the hormone injections as seen from the 

^ the injections and the iodine treatment were 

started simultaneously. 

ri<?P In ^ hormone injections alone cause* a 

lections tbn %’ spife of the continued in- 

with Tjotawi J?'™ “ reduced liy the iodine and may even 

in metabolism.' mjeotion completely prevents the rise 

The microscopic study of the thyroid shows that the acoumula- 
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tibn of colloid in the alveoli begins soon after the giving of iodine; 
while it takes a long time before the cells show a normal secretion 
picture. In one case the Golgi structures remained hypertrophied 
even after . 44 days. 

Table 2. 


Weight of i 
animal ' 


Number of j Average rise ■ 
treatments in metab- | 
Avith I olism 


I 

Morphology of ' 
thyroid^ 


I before after 

; treatment 

1 

Preparation 

hor- 

mone 

alone 

hor- 

mone 

-h 

iodine 

before 

iodine 

two 

last 

days 

i 

Histo- p Cyto- 
logy 1 logy I 

i 

1 742 

i 650 

i 

horm.-f 
Lugol sol. 
1/10 

7 

5 

1 

-f35 

+ 4 

+(+) • + + + +*' 

745 

i 685 


3 

0 

-f36 

+ 9 

+ + . + + + + , 

, 670 

1 605 


4 

8 

-f43 

+14 

+ +(+) + + + 

' 730 

; 740 

» 

5 

44 

4-19 

+ 2 

0 i ++ , 

, 725 

! 648 

0 

0 

8 


2 

0 (+) 

: 753 

; 610 


4 

6 

+19 

+ 5 

( + ) bl. O' +( + ) i 

i 000 

! 860 

horm-r-KJ 

9 

9 

+32 

0 

-j-+ +-t- 

652 

! 651 


9 

12 

+30 

— 7 

0 0 

; 629 

i 545 

» 

7 

18 

+30 

—10 

0 ! + 

1 681 

1 690 

0 

9 

33 

+30 

-10 

- ; +(+) 

! 617 

i 588 

fr 

15 

27 

+22 

-3 

— . + 


Group II, table 3 comprises 4 animals in which the 5 mg iodine 
are given as di-iodotjTOsine. The effect is the same in principle 
as that of . inorganic iodine, but the metabolism takes longer to 
become normal and it would appear that the organic compound 
is less effective. It is interesting that two animals (one in each of 
the groups I and II) are only slightly affected by the iodine treat- 
ment in analogy with the well known clinical fact that certain 
cases of the genuine Basedow disease are refractory to the pre- 
operative iodine treatment. 

When thyreo-stimulating preparations are regularly injected 
over several weeks the gland may in some animals become irres- 
ponsive. CoLLiP (1934) takes this to be an indication of an anti- 
hormone formation. We have reason to believe that the mode of 

^ 0 means that the gland is morphologically normal. _ . .. j. r 

The number of -}- signs indicates the degree of alteration m tne direction ol 
histologically: hypertrophy of cells, hyperiemia, absorption of colloid cytologicaUy 
hj-pertrophy of Golgi structures with more highly developed ramification, basal 
and apical vacuoles, filiform mitochondria. The cells designated as -f -f-f-f can 
scarcely be distinguished from those of a tj’pical Basedow struma. _ 

— means atrophic alterations of the thyroid gland and cytologicaUy that the 
Golgi structures are reduced. 
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Group IV comprises 6 animals fed thyroid or elityran in the 
same doses as- group III for a fortnight and then for some days in 
addition di-iodotyrosine corresponding to 30 mg J/m=/day. As 
seen from table 5 even this very large dose does not reduce the 
increased metabolism, and the thyroids of the animals presented 
a microscopic picture indicating a slightly reduced function as is 
the case vrith animals fed dried thyroid alone. 


Table 5. 


Weight of 
animal 


Number of 
treatments 
•jrith 

Average rise 
in metab- 
olism 

Morphologj 
of thyroid 

before after 

treatment 

Preparation 

hor- 

mone 

alone 

hor- 

mone 

iodine 

before 

iodine 

two 

last 

days 

Histo- 

logy 

Cyto- 

logy 

835 

590 

GKThyr. sicc. 
-^-di-iodotyr. 

13 

7 

-{-64 

+87 

0 

lost 

535 

375 

% 

13 

5 

-{-53 

+70 

— 

_ 

570 

435 

ft 

13 

5 

-{-54 

+72 

0 

— 

5G5 

480 

EHt}Tan+ 

di-iodotyr. 

13 

4 

+47 

+35 

Oor — 


672 

388 

ft 

13 

3 

+29> 

+35 


not 

exam. 

758 

600 

f 

13 

8 

+46 

+51 

— 

» 


Table 6 shows the resulte of a series of control experiments. 
The first of these was mentioned above. The two nex;t give the well 
known results of feeding thyroid or elityran, and the rest show 
that iodine given alone will somewhat reduce the metabolism 
with slight and inconstant effects on the animals’ weight and the 
histology of the thyroid gland. This metabolism reducing effect 
of iodine appears to be absent in the simple hyperthyroidism 
brought about by feeding thyroid, and this is probably due to the 
fact that the thyroid feeding, at the same time as it increases the 
"thyroxin” content of the blood and tissues, causes a diminished 
"thyroxin” output from the animals oivn thyroid. The metabolism 
therefore rises less than corresponding to the thyroxin admims- 
tered. Judged by the histological picture viz. the flattening out 
of the cells and the accumulation of colloid (M. Keogh and H. 
Okkels, 1937) the inhibiting action of thyroxin on the thyroid is 
similar in nature and extent to that of inorganic iodine, and this 
is probably the reason why neither inorganic nor organic iodine 

* The small rise is due to emaciation from a diseased ventricle. 

15 — iSSSiG. Acta plips. Scandinav, Vol, 10. 
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can exert any further Jnctnbolhnn rediu-iny i-tuM. fn expen'- 
mcntal "Basedow" conditioriK are totally differesft. Tli<; are 
hicli and sliow cytolngicnUy tlic rijins of an inrrea^cfl ^erretorv 
activity and the colloid is dihited and redtrrf’ti cjr has disAppeared 
completely. The effect of iodine can ihercTore make iteelf fek by 
causing ncoutmilation of colloid, reduction of tin- height of the 
cells and a consequent decre.nse in inetahnii<m, and this Isolds true 
whether the effect if; tiirect tipon th.e gland or as the vo>rk of 
Fkakck (1930) made prnhalde — imiirt'ct by way <if the hjqHs- 
physis. 

Tntjle fi. 


I WciRtit of I 

i nnimal 1 


i . Amt.ic*' 

' Klimt ••ri r:'!- in 


of {};v?o;<l 


before nftcr 

trcatnumt 

rrensration h 

i 

1 

i 

r tri-al-’ 

inrJtlf ' t»o 


I Cyng.j-y 

755 

GIO 

i liornmni' 

42 

-rS; ; 

< * . 

J. 

605 

483 

j Gl.thvr. fire. 

17 

-J-70 ' 

(t 

0 ti. — 

610 

518 

! Kiilvr.m 

17 

-t-57 >' 

(V 


665 

673 

i I/.IROl 

fol. I'lO 


“11 

( 

1^01 

rir.minrd 
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613 

; 1 > 

10 1 2 ; 


> 

688 

710 

j KJ 

17 ; — 4 i 

0 

tm* rsarc.tr.td 

770 

720 

1 * 1 

17 

— .1(1 : 

0 or. - 
0 

» 

620 

673 

i iJj.jodDlyro- 
! fcin 

M 

“12 1 

0 

535 

555 

1 ►' : 

14 

t ft ^ 

— 10 t 

0 

0 


In the attempt to evaluate the relation between dose and metab- 
olic effect of dried thyroid glands tlie following procedure was 
adopted. Bach scries of metabolism determinatioii,s with ti definite 
daily dose on one ajiimnl wju^ plotted with the days n.s ubscis.^a 
and the single feeding.s marked. Examples arc given in figures 2, 

shoeing 2 satisfactory ' curves, one just acceptable, and one 
discarded. 

before the tlnioid treatment arc. 
utilized for an individual base line which never differs much from 
c genera a\crage. Tiio thyroid feedings increase the metabolism 
r__!r t 1 t-caches a new, more or Ic.ss constant, level in 
t> clays. Only such experiments are utilized in whicli it is possible 
represent this level by a horizontal line drawn so ns to average 


c tJBual dose x 6 . 
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the majority of the determinations, hut leaving out of account 
single aberrant results, especially such 'which are e'vidently too 
high. This is considered preferable to an algebraic average, because 
the thyroid treatment not only raises the true standard metabobsm 
which we want to find, but tends to make the animals restless and 
to raise the metabolism by muscular movements. 

A calculation was first made of the experiments concerning 4 
different thyroid preparations, each of which had been tested re- 
peatedly with ■widely differing dosage. The results are given in 
table 7. 

It is e\ddent that there is no systematic difference between 
the preparations; the “thyroxin” value must be very nearly the 
same for all. The average increases in metabolism for the doses 
0.15, 0.25, 0.5 and 1.0 mg J/m®/day were calculated and as there 
is clearly no simple proportionality between dose and effect we 
tried the relation log dose/metabolic rise and this turned out as 
found also by Gaddum and Hethebington (1931) and by Dress- 
LER and Holling (1940) to be at least approximately a straight 
line for these doses as sho'wn in fig. 3. 

The whole material, comprising in all 4 determinations with the 
dose 0.15 mg J/m-/day, 17 'with 0.25, 20 'with 0.50 and 5 with 1.00, 
and representing 15 different preparations of dried pig thyroids 
with iodine contents varying from 0.15 to 0.26 % J was treated 
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Tnl>le 7. 


1 

Preparation 

No. 

Done 
rag J/m* 

ifctnMhm ml (}t/tn,>min. 

hrforo durisig 

treat rfi r- n t 

" s 

1 

InrTra.»<' 
ralOn’/Kiia. \ 

i 

3G8 

0.25 

102 

120 

s 

£7 f 

0.5 

100 

IM 

V/, i 


1.0 

lOG 

155 

40 ; 

3710 

0.25 

•e? 

I3fi 

.32 

0.5 

100 

1.35 

35 


0.5 

107 

U2 

35 : 


0.,'. 

113 

MS 

35 


0.5 

102 

1.3 { 

♦t’> ^ 


1.0 

lor. 

152 

■t" 


I.O 

IfKi 

ICO? 

51? 

3G10 

0.25 

lOil 

12>; 

4- w 


1.0 

inj 

ir/i i 

•JC 


1.0 

m 

1.55 

4»5 


1.0 

K'i 

105 

02 

4111 

0.15 

05 

II2 : 

17 


0.15 

0{ 

112 ; 

IH : 

{ 

0.25 

102 

32-i 

2G 


0.25 

102 

127 ; 



0.5 

103 

130 ; 

tV* 


0.5 

105? 

UU { 

.35? 


1.05 

HW 

155 i 

55 ; 


in the same way, but 4 determinations vifli 0.2:; and r> with 0.50 
had to be discarded, because no ■well defined in''’ta?a)}ism level was 
obtained. The average standard metabolism before treatment 
was 100.1 ni]/m'/niin. and the mean error of the nvernsc 

of 42 determinations i 0.52, significantly lower than the foi-inerly 
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adopted average of 103. Tlie average increases in metabolism and 
the mean errors of these averages were for 0.15 mg 17 ml ±0.8, 
for 0.25 mg 29 ± 1.5, for 0.50 mg 35.7 ± 2.1 and for 1 mg 50.4 ± 
1.8 when calculated from the normal metabolism as determined 
for each individual animal. These results are shown in fig. 3 with 
their mean errors indicated and are seen to be compatible with the 
straight line. When calculated as percentage increases from each 
individual normal the averages remain substantially the same, 
but their mean errors are definitely increased. 

It is of course just as legitimate to calculate the individual 
increases in metabolism from the average normal of 100 ml 
Os/m'/min. When this is done the average increases work out as 
follows: 0.15 mg 13 ml ± 1.1, 0.25 mg 29 ± 1.4, 0.5 mg 35.2 ± 1.7 
and 100 mg 51.2 ± 1.0, figures which are still compatible with 
the line drawn, but fit it less well. 


Summary. 

Different preparations of dried thyroid from normal mammals 
and human beings and from cases of simple goitre have the same 
metabolic effect when given by mouth in equivalent daily doses 
based on the iodine content to mature male guinea pigs, accustomed 
to the metabolism determinations under standard conditions, 
while in exophthalmic goitre the iodine of the gland becomes less 
active. 

A partly purified product, elityran, also shows the same effect, 
while pure thyroxin, even when given subcutaneously is definitely 
less active. No difference was observed between the activities of 
thjnoxin when given by mouth or subcutaneously. 

The metabolic effect of a-dinitroplienol given by mouth reaches 
a maximum in about an hour and falls again rapidly while that of 
thyroid preparations takes two days to develop and by admini- 
stration each day reaches a more or less constant level, maintained 
throughout the period of administration. 

Administration of iodine or di-iodotyrosine reduces the metab- 
olism raised by every day injections of thyreo-stimulating hor- 
mone (artificial "Basedow”) and causes a regression of the histo- 
logical and cytological "Basedow” symptoms in the thyroid gland, 
but has no effect on the hj’perthyroidism brought about by feeding 
thyroid preparations. 
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Refractoriness to the tliyrco-stimiilating hormone was not 
observed in our case. 

The quantitative relation between dose and inotabolin effect of 
dried thyroid preparations was studied on 'M unttnals. On 9 of 
these no well defined metabolic level could be obtained. The 35 
animals showed a fairly regular relutionshij), Tlte average resting 
metabolism of the guinea pigs was 100.1 ±'.)A ml O.On^hrun, 
The increases were for O.la n)g J/m-/day 17 mi OJm-jmm., for 
0.25—29.0, 0.50—30.7 and 10.00— 50.1. Tliis corresponds to an 
approximately straight line relation betwecni log dose and the 
absolute rise in mctaboli.sm. 
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According to investigations by Hevesy and Hahn (1910), a 
strikingly low metabolism is found in the brain, when measured 
by means of radioactive phosphorus; this we are in a position to 
confirm. Subsequent investigations furnished further evidence 
that there is but a low metabolism in the brain (Hevesy and 
Ottesen, 1943). The authors isolated desoxyribonucleic acid from 
tlie brain and the metabolism proved to be very low even in this 
quantitatively considerable fraction. 

This, however, docs not exclude the possibility that a very high 
activity can be possessed by certain portions of the brain. The 
telencephalon, for example, will, by virtue of its great mass, ob- 
viously contain a greater percentage of (radioactive phospho- 
rus) — although it may exhibit a low metabolism — than small 
parts, e. g. the h}’pophysis or the epiphysis, even if these are very 
active. AVhen the brain is examined as a whole, the possible high 
activity of these latter parts will therefore be hidden. 

These results of Hevesy and co-workers are contradicted by 
experiments of Hyd^n (1943), who proved that the change of a 
nucleic acid fraction other than that investigated by Hevesy, 
namely ribonucleic acid, takes place very quickly in the brain, 
e.g. in the Purkinje cells of the cerebellum. Hyd^n measured the 
metabolism in the individual cell by Caspeesson’s method (1936), 
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tlie TVet -Weights of the different parts of the brain in different experi- 
ments agree very Well -with each other, which is a good criterion that 
the borders -were similarly cut. The values given in tliis tabic represent 
the total weight of the parts concerned taken from three rats. An ex- 
ception is made in one experiment, where only two epiphyses arc used. 

The phosphate and radioactive P contents of the respective parts 
were then determined. To burn the components and to liberate the 
phosphate from its organic combination, wc proceeded as follows: 1 ml, 
of concentrated sulphuric acid Was added to a brain component which 
had previously been rinsed down into a combustion flask of 50 ml. 
volume. The flask Was warmed over a micro-flame until the material 
had been carbonized and dissolved. 2 ml. were used for larger pieces. 
"When all had been carbonized, combustion was accelerated by the ad- 
dition of a few drops of perhydrol. Wlicn the combustion Was complete, 
a clear, colourless liquid remained. It was important to remove all 
traces of perhydrol by warming the neck of the flask. The solution 
was diluted with about’5 ml. of -water and cooled. Some drops of phe- 
nolphtbalein Were added and the solution neutralized with SO % sodium 
hydroxide. The neutral solution was diluted to 25 ml., from which 
aliquot parts were taken for estimations of phosphate and radioactive 
phosphorus. 

The total phosphate was determined by a modification of Bnicc's 
method (Briggs 1922, see also Mollerstrom 1913). 

The radioactivity of an aliquot was evaluated by a method elaborated 
by Hevesy and co-workers. The phosphorus is precipitated as a mag- 
nesium-ammonium salt and the precipitate is gathered in small alu- 
minium dishes. The dishes arc covered with a thin layer of shellac and 
dried in the oven at 110'’. The impulses from the disintegrating phos- 
phorus atoms arc received in a Geigcr-Mullcr tube and transmitted, ^■^a 
a system of amplifier valves, to a counting machine. For a more detailed 
account of the apparatus, reference is made to a work by LE^•Y (1041). 

The values are expressed in relative specific activity. This implies 
that the number of impulses per unit total phosidiate is first calculated. 

rt number of impulses 

bpecific actmty = — : . 

//g total P 

Owing to the biological variations of the animals and to the fact that 
solutions of somewhat varying actmties have been used in different 
experiments, we must refer the specific activity to some constant in 
order to obtain values comparable for different experiments. Wc have 
chosen the specific activity of the cerebellum as such a constant at 
100 and the values for all other parts of the brain in the same experi- 
ment have been referred to it. Values thus obtained are called relative 
specific actmties. 

Eelafc apeoffle actmty = X 100 

specific activity of cerebellum 

The cerebellum has been chosen because it can very easily be extirpated, 
as a consequence of which the wet Weights are very constant from one 
case to another. Moreover, the cerebellum has a high proportion of 
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total phosphate and, absolutely speaking, considerable radioactive 
phosphorus, for which reason the analyses can be performed in an 
advantageous reading range. Changes in the activity of the cerebellum 
will, of course, be somewhat hidden by this procedure. On comparison 
of the specific activity of the cerebellum with that of other parts of 
the brain in different experiments, however, an idea can be gained of 
changes in the activity of the cerebellum. 


Experimental Results. 

The results of our exi)eriments are compiled in Tables 2 and 3. 
Table 2 gives the phosphate contents of the brain components, 
expressed in per cent of wet weight. The table clearly shows that 
there are two groups of parts differing in their phosphate contents. 
The parts comparatively richest in phosphate are the epiphysis, 
the lobus anterior and posterior of the h 3 rpophysis, the plexus 
chorioideus and the substantia perforata, which contain between 
1.31 and 0.59 per cent of phosphorus. The corresponding values 
for all other parts of the brain are between 0.42 and 0.31 per cent. 
Table 3 shows tliat the phosphate metabolism of the former parts 
takes place much more rapidly than that of the latter, except in 
the case of the substantia perforata, which exhibits very .varying 
values. The values are given in relative specific activity (cerebel- 
lum = 100). In the table, the different parts of the brain 
have been grouped according to their activities into two very 
distinct groups. The first group contains very active parts of the 
brain. It consists of the epiphysis, the lobus anterior and posterior 
of the hypophysis and the plexus chorioideus. The other group 
comprises the twelve other parts tested. Finally, the relative 
specific activity of the blood also figures in the table. 

The very powerful activity of the epiphysis seems to be the most 
remarkable phenomenon. The value of the relative specific activity 
exceeds that of the hypophysis in all cases. The mean value is 
about twice or three times the average value of the lobus anterior 
and posterior. We also gather from the table that no difference 
can be observed when the duration of the experiment changes. 

As regards activity, the epiphysis is followed by the lobus ante- 
rior of the hypophysis. The lobus posterior also has a high activity, 
although this is generally somewhat lower than that of the lobus 
anterior. The results of the experiments with the lobi anterior and 
posterior arc not surprising, considering the abundant production 



236 ULF BORBLL AND AKE QRSTROM. 

TnWc 2. 


PhospJioms conienU- of different hrain parts. 


Parts 

Number 
of parts 

Wot weight 
in nig. 

P in /(g. 

P ns per- 
centage of 
wet weight 

Epiphysis 

24 

31.5 

290 

O.Oi 

Lobiis anterior hypophysis . . 

33 

197.0 

1159 

0.59 

Lohus TJostcrior livpophysis. . 

33 

45.7 

.599 

1.31 

Plexus chorioideus 

33 

58.0 

542 

0.02 

Substantia perforata 

30 

57.3 

367 

O.ct 

Lobus olfnctorius 

30 

1403 

4G24 

0.33 

Eomainder of cerebrum 

33 

305G2 

95G25 

0.31 

Thalamus 

30 

3244 

124G5 

0.38 

Anterior part of tuLcr cine- 
roum 

30 

1125 

3533 

0.31 

Posterior part of tuber cinc- 
rouni 

27 

4G2 

1757 

0.38 

Corpus mamillarc 

30 

39G 

15S6 

0.40 

Corpora quadrigemina 

30 

20G1 

75G8 

0.37 

Cerebellum 

33 

7573 

26210 

0,35 1 

Pons ! 

30 

3G57 

15420 

0.42 

Medulla oblongata 

30 

3G£G 

14G25 

O.-IO 


Taljlo 8. 

Belativa specific activities of different brain parts and blood in rats. 
Specific activity of cerebellum — 100. 


1 

Part 

Inteta'al between injection of P” and killing 
of animal 

40tnin. 

jsO inio. 

2 hoars 

iw honrsfe hoars 
:20min.|45 min. 

24 

hours 

1 

hoars 

Epiphysis 

320 

520 

1710 

775 

2080 



Lobus anterior hypophj'sis 

258 

410 

600 

565 

652 

390 

610 

Lobus posterior hypophysis 

234 

355 

290 

492 

440 

250 

425 

Plexus chorioideus 

930 

C15 

975 

1040 

420 

485 

255 

Lobus olfactorius 

90 

124 

180 

125 

200 

136 


Lobus occipitalis 

70 

72 

150 

86 

93 

92 

— 

Lobus parietalis 

78 

106 

60 

43 

93 



Thalamus 

42 

75 

45 

43 

— 

32 

100 

Anterior part of tuber cine- 
roum 

13G 

138 

110 

146 

185 

97 

Bi 

Posterior part of tuber cinc- 
reum 

G3 

69 

115 

82 

180 

97 

100 

Corpus mamillnro 

50 


95 

111 

140 

80 

142 

Substantia perforata 

63 

_ 

85 

68 

233 

59 

325 

Corpora quadriRemina .... 

63 



65 

71 

100 

40 

115 

Cerebellum 

100 

100 

100 

100 

100 

100 

100 

Pons 

63 

5G 

45 

50 


54 

100 

Medulla oblongata 

48 

73 

72 

64 

— 

97 

85 

Bleed 

4350 

2920 

1910 

2800 

2550 

880 

410 
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Table 4. 


Determination of inrnovcr of acid-soluble and acid-insoluble phosphate 
fractions^ in epiphysis, lobtis anterior of hypophysis and cerebellum 

from six rats. 



Prcoipitablo with CCljCOOH 

Solnblo in CCl,COOH 

Part 

pn 

yP 

P»/;'P 

Relative 

spec. 

ncti\'ity 

1'“ 

yP 

P’VyP 

Eelativo 

spec. 

actmty 

EJ)iph3rsis 

Lobus anterior hy- 

32 

27 

1.19 

3970 

217 

14 

15,50 

2310 

poph3nSts 

20 

67 

0.35 

1170 

187 

31 

G.03 

900 

Ccrobellum ........ 

113 

3520 

0.O3 

100 

950 

1415 

0.C7 

100 


of hiormones in these parts. Tlic s}Tithesis of hormones is surely 
associated vrith a lively metabolism. 

Nothing is known with certainty about the fimction of the epi- 
physis. It has been attempted to investigate the enigmatic function 
of the organ by extirpation, feeding, implantation and extraction 
experiments. Attempts have been made, moreover, to study pos- 
sible histological changes in the epiphysis by the extirpation of 
other endocrine organs (cf. Bargmann 1943), Certain conditions 
of pubertas praccox in man have been explained as a consequence 
of a reduction or cessation in the activity of the epiphysis (Berb- 
LixGER 1932). To summarize the works on the fxmetion of the 
epiphysis, we may say that many authors have supposed a hor- 
mone actmty in that organ, but have never proved this. The rea- 
son for these negative results probably lies in the use of unsuitable 
methods. 

The question arises whether the phosphate metabolism in the epi- 
physis is connected with a lively turnover of nucleic acid or lipids 
or whether there is a vigorous metabolism of the phosphorylated 
intermediate links appearing in the carbohydrate cycle. In the 
former case, the metabolism might be based on a production of 
hormones directly associated with the protein or lipids; in the latter 
case, however, the hormone synthesis would come about by the aid 
of the energy available from phosphorylated intermediate links in 
the carbohydrate cycle. Table 4 shows that 90 % of the radioac- 
tivi^ is situated in the phosphate fi'oction soluble in trichloro- 
acetic acid. Thus both the high activity of the hypophysis and that 
of the epiphysis depend on the fafct that the acid-soluble phosphate 
is turned over much more rapidly than the phosphorus preripitable 
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■fay tricliloroacetic acid. The vigorous metabolism of the active 
organs must therefore be regarded from the point of view that the 
energy necessary for the hormone synthesis is provided by a power- 
ful carbohydrate degradation. 

The function of the epiphysis is still as mysterious as before, 
but the present investigation clearly shows that this organ is a 
gland which must be placed on a level with the hj-pophy.sis. The 
methods we applied have for the fir.st time furnished the means 
by which it may be possible to determine tlic fimction of the 
epiphysis. Investigations arc being carried on in order to attain 
this goal. 

The high activity of the plexus chorioidcus is an interesting fact. 
Its activity often exceeds both that of the lobus anterior and that 
of the epiphysis. This, however, may depend on the fact that the 
organ is extremely rich in blood. The activity mea.sured tlicre may 
be composed of the activity of the organ itself and the injected 
radioactivity still uncoiisumcd in the blood. Some experiments, 
however, indicate a lively metabolism in the jdexus. Tlius a very 
high oxj^gen consumption is foimd in the plexus chorioideus tissue 
(Kbebs and Rosekhagen, 1931), whereas that of blood is ver3' 
low. In consideration of the function that is ascribed to the plexus 
chorioideus, it is not amazing that the organ exhibits a vigorous 
metabolism. The epithelial cells of the plexus arc said to produce 
liquor and to resorb certain substances from it. 

One method of solving the problem is to analyse the velocity at 
which the different phosphate-ester fractions arc turned over in 
the blood and in the plexus chorioideus. If the latter contains a 
preponderant quantitj- of blood, the rate of metabolism must be 
the same in the blood and in the plexus. Table u shows, however, 
that there is a considerable difference in this respect between 
blood and the plexus. The specific activity of free P in blood is 

Table 6. 

Specific aciiviiies of phosphate fractions, obtained after differeni 
times of hydrolysis, in the blood, plexus chorioideus and lobus 
anterior hypophysis. 


Part 

PreoP 

10 miuntes 
hydrolysis 

180 minutes 
hydrolysis 

Besidunl 

fraction 

Blood 

11.05 

2.33 

0 

4.i7 

Plexus chorioideus 

3.S5 

1.13 

1.00 

0 

Lobus anterior hypophysis 

3.58 

1.39 

O.cs 

0 
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11.95 and is essentially liiglier than in the plexus chorioideus. 
This is quite natural, because the radioactivity has been injected 
intravenally in the form of free The fraction obtained after 
180 minutes hydrolysis, chiefly hexose phosphate, exhibits a 
particularly low metabolism in blood, and, in the present case, no 
metabolism at all. These facts will be expanded by one of us in 
another paper. The metabolism in the corresponding fraction 
from the plexus, on the other hand, is high, the specific activity 
is 1.00. As regards the metabolism in the imhydrolysable residual 
fraction, the contrary is found, namely a high metabolism in 
blood and none in the plexus chorioideus. Thus the velocity of the 
turnover of various phosphate fractions is quite different in blood 
and the plexus chorioideus. Hence we may infer that it is not the 
blood in the plexus that causes its partially high activity, which 
must be due to the metabolism in the plexus tissue itself. Table 5 
indicates, moreover, that the metabolic rate in the acid-soluble 
fractions from the lobus anterior of the hypophysis behaves lilce 
the corresponding fractions from the plexus. This proves that the 
change in the lobus anterior is also brought about by the paren- 
chyma of the organ and not by the blood occurring therein. 

About 25 % of the radioactivity is present in form of free 
phosphate, the rest in form of phosphate esters. The same 
values we also obtain for the epiphysis and lobus post, hypoph. 

As regards the parts of the brain with lower activities, we may 
mention that the metabolism in the anterior part of tuber cine- 
reum seems to be somewhat more powerful than that in the other 
parts. There are particularly many vegetative centres in this part 
of the brain. According to certain authors, there are special cells 
in this region with a glandular character (Schaerer, 1940). These 
cells are situated particularly in the nucleus supraopticus and 
nucleus paraventricularis and may possibly produce hormones. 
These two circumstances may perhaps explain the somewhat 
livelier metabolism. 

The metabolism of the lobus olfactorius is also comparatively 
high, which is not very surprising, since these animals have a well 
developed sense of smell. 

, Finally, we may mention that the substantia perforata generally 
shows a low metabolism. In a few sporadic cases the values are 
considerably higher and reach , an order that is otherwise foimd 
only in the most active parts. This caimot as yet be explained. 
The variations in the metabolism of the substantia perforata do 
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Tnlilo 6. 

Relative specific activities of different train parts and blood from 
three rats, weighing between SO and OG g., and an adult rabbit. 
Speeific activity of cerebellum — 100. 


Parts 

• 

Rats 

Rabbit 

Epiphysis 

1465 

3060 

Lotus anterior hypophysis 

545 

2910 

Lotus posterior hypophysis 

C50 

2540 

Plexus chorioidcUB 

328 

4560 

Lotus olfnctorius 

88 

188 

Eemainder of ccrctrum 

4t 

89 

Thalamus 

29 

41 

Anterior part of tuber cinercura 

94 

244 

Posterior part of tuber cincrcum 

93 

225 

Corpus mamillnro 

87 

144 

Substantia perforata 

248 

131 

Corpora quadrigeraina 

48 

59 

Cerebellum 

100 

100 

Pons 

3G 

CG 

Jlcdulla 

63 

GG 

Blood ! 

3G40 

9000 1 


not follovr alterations in the radioactivity of the blood; it is thus 
hardly probable that tlie admixture of blood explains the high 
values observed. Another possible explanation would be given by 
the small size of the pieces. The phosphorus content is also low, 
and therefore the analyses arc somewhat unsure. Comparison with 
the lobus posterior, which contains about the same .quantity of 
phosphorous, shows that that part docs not show such marked 
variations. The variations in the metabolism of the substantia 
perforata are therefore probably caused by functional relation- 
ships. 

In order to demonstrate that different metabolisms in different 
parts of the brain arc not only found in fully developed rats, we 
also tested the brains of rats weighing between' 80 and 90 g. As 
shown in Table 6, the same results were obtained as with fully 
developed animals. Analogous results were obtained in the study 
of a rabbit brain. In the latter case, the metabolism of the epiphysis 
was also very high, being at about the same level as that of the 
hypophysis. This shows that the powerful phosphate turnover in 
the epiphysis is not specific for the rat. 
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Summary. 

This investigation constitutes an attempt to divide the brain 
into anatomically well defined regions and to compare the phos- 
phate metabolisms of the latter by means of radioactive P. 

(1) The highest phosphate content expressed in per cent of wet 
weight was found in the epiphysis, the lobus anterior and posterior 
of the hjTpophysis, the plexus chorioideus and the substantia 
perforata. 

(2) Measurements with radioactive phosphorus suggested that 
a dhnsion of the parts of the brain into two groups was possible, 
viz. an active group with a lively phosphate metabolism and a 
less active group with a slow phosphate metabolism. The former 
group includes the epiphysis, the lobus anterior and posterior of 
the h}^ophysis and the plexus chorioideus, whereas the latter 
consists of the lobi olfactorius, parietalis and occipitalis, the 
thalamus, the anterior part of tuber cinereum, the posterior part 
of tuber cinereum, the corpus mamillare, the cerebellum, the pons, 
the corpora quadrigemina and the medulla oblongata. The sub- 
stantia perforata has an intermediate position, but seems in the 
majority of cases to belong to the group with a lower phosphate 
metabolism. The acthdties were measured in relation to that of 
the cerebellum, which was taken as 100. 

(3) The radioactive phosphorus accumulates 40 minutes after 
injection in the epiphysis to about 65 % in form of acidsoluble 
phosphate esters, in about 26 % in form of free phosphate and 
in about 10 % in compounds insoluble in trichloracetic acid. 

(4) The activity of the epiphysis is generally higher than that 
of the hypophysis. The phosphate metabolism in this part was 
often twice or three times as vigorous as that of the lobus anterior 
hypophysis. It is therefore most probable that the epiphysis has 
an important function. Experiments are being carried out to 
investigate the fimction of this organ by the method described in 
this paper. 

(6) The most active brain components, following immediately 
after the epiphysis, are the plexus chorioideus and the lobus an- 
terior and posterior of the hypophysis. Owing to the considerable 
quantities of blood contained in the plexus chorioideus, particular 
conditions prevail in that organ. Those conditions are discussed 

16 — i525i6. Acta filiys. Scandinav. Vol. 10. 
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in some detail. The average phosphate metabolism of these parts 
of the brain is four to five times that of the cerebellum. 

(6) Other parts of the brain tested exhibit, generally speaking, 
the same metabolism as the cerebellum. It seems to be significant 
that the anterior part of the tuber cinereum exhibits a somewhat 
livelier activity than the majority of the brain components be- 
longing to this group. 

We owe thanks to Docent J. M5llerstrom for having placed 
his laboratory facilities at our disposal and for tlie interest he 
payed to our investigations and to Prof. Manne Siegbahn for 
having provided us with the radioactive phosphorus necessary 
for this work. 
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In connection -witli some investigations in this laboratory on 
the formation of hydrochloric acid by the isolated, surviving 
gastric mucosa of the frog an interest arose as to the applicability 
of electrical conductivity measurements as a mean of recording 
changes in the electrolyte permeability. 

Measurements of the electrical conductivity employing alternating 
current of varying frequency have been used frequently as a method of 
characterizing cell and tissue permeability (“the electrical impedance 
method”). The fundamental ideas were developed in particular by 
Giluemeistee, Phillipson, Ostebhout, McClendon, Lullies, Feicke 
and Cole. A great variety of biological objects have been studied. 
Some more recent works of interest in this connection are the papers 
by Gebstnee and by Hofmann on frog skin and by Rosbndal (1940) 
and Teiee (1943) dealing with the human organism (skin). Especia,lly 
related to our problem are Plugges experiments on the polarization 
capacity of the gastric mucosa of the frog. 

A closer study of the previous literature from our point of view 
revealed so many imperfections that it was thought worth while 
performing some new experiments with an improved technique. 
The results of these experiments will be given below. 

Principles of the impedance method:^ A brief outline of the 
Gildemeister-Lullies-Cole way of characterizing tissue im- 
pedance is necessary for the discussion of the results. 

^ For a fuller treatment of the theory of alternating 
ments on biological objects refer to the reviews by Cole (1933, 1940;, 
Lullies (1930), von Mubalt (1935) and Duvff (1942). 
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Figure 1. The electrical equi- 
valent scheme of cells or tissues. 
— ri = rcsiatancc of ion 2)or- 
moablo structnres inside and 
outside of the cells, r, = mem- 
brane “parallel” resistance 
corresponding to membrane 
ion permeability. — 1’ =; a 
“polarization element" cor- 
responding to ion ij?ipcrmcal)le 
structures. 


Any tissue may "be approximately 
represented by an electrical etjuivalent 
circuit according to Fig. 1. The re- 
sistances r, and are pure ohmic 
resistances and P is a "polarisation 
capacity” or "polarization clement” 
(Cole), in main due to “diffu.sion 
capacity” and "double layer capacity”. 

The effective resistance of this circuit, 
the impedance (Z), can always be resolved 
into two components, an olimic rc-eisfance 
(Wirkwiderstand) R and a capacitive re- 
acJance (Blindwitlorstand) X, expre.ssahle 
in ohms (D). R and X can either be 
considered as lying in scries (R, and X,) 
or in parallel (Rp and Xp). The inter- 
relations between these quantities arc 
geometrically represented by the diagram, 
Fig. 2. The significance of the phase- 



angle, ep, is also clear from the diagram as 
Xp-R.; 

Obviously the location of the terminal 
point of Z in the diagram can be fixed by 
either of the following three A. C. bridge 
methods, by determining at a given A. C. 
frequency 1) R^ and X* (series resistance 


Figure 3. An impedance 
locus diagram. Itj = zero 
frequency resistance, = 
high frequency resistance. 
Z,,- = impedance at the 
frequency N". y — the phase 
angle at the frequency K. 
f/p — the polarization angle 
(frequency independant). 
(r, and r, refer to the 
equivalent scheme of 
figure 1). 
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method), 2) Ep and Xp (parallel resistance method) or 3) Z and w 
(the Grutzmachep. method). If the frequency is varied, the vector Z 
vill change both in magnitude and direction and its terminal will 
trace a curve of more or less semicircular form (= an "impedance 
locus diagram”), cf. Fig. 3. 

The angle <pp is the phase angle of the fdlarhation element which 
we here will call the folarization angle. It is supposed to be independent 
of the frequency. In the special case that P is a pure capacity cp^ will 
become 90° and the center of the semi-circle located on the E axis. 
Besides by the polarization angle (px>, the locus diagram is characterized 
by two important points: Ep being the impedance at zero frequency 
(theoretically = D. C. resistance) and E^,, the high frequency resistance, 
of the tissue. In terras of the equivalent circuit, figure 1, one obtains 
here Ep = ri -j- r, and E^^ = r,. 

As to the actual correspondence between these electrical quan- 
tities and the biological structures nothing definite can be said. 
Tlie Gildemeister school has, as a rule, employed only one single 
frequency and interprets an increase of tg 9*, reactance or re- 
sistance as a sign of "Membrandichtung” and a decrease as a 
"lircmbranlockcrung” (Plugge Z. c. p. 4G7). In other words, 
only one point on the circular arc locus diagram has been deter- 
mined. Useful as this simple method may be for comparative 
purposes, it docs not yield such full information as the method 
which measures at several differed frequencies e. the impe- 
dance locus diagram method, where the result is expressed in 
terras of Eo and . According to current views one may 
roughly state that JR^ corresponds to the resistance of the electro- 
lytes inside and outside of the cells and i?o — to the cell or tissue 
membrane resistance Ipng parallel as a shunt to the "capacity” 
P exhibited by these membranes. This parallel or shunt resistance 
Eo — E^ denoted Ep^ therefore gives indication of permeability 
changes in such a direction that a decrease of this quantity may 
signify an increased "porosity” (Membranlockerung), or more 
strict, an increased electrolyte transfer. A change of (pp yields 
information solely of the polarization element, i. e. the ion 
imfermeable membrane structures {cf. Core 1940) in such a 
manner that the larger g;p the larger is the “polarizability” 
and the smaller the permeability of the structures containing P 
{cf. UlEHL p. 164). 

' 2sote the difference between 5P and 7^, the former denotes the phase 
angle of the whole system of tissues including surrounding baths and electro- 
des, whereas <pp is a characteristic of the polarization element freed from 
parallel or “loss resistances”. The Up of Pig. 2 and of Pig. 3 are not identical. 
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Jletliods. 

1. The preparatio 7 i an^ mounlivg of Ihc gastric mucosa was performed 
according to Deluue (1930) with the modifications introdnccd by 
Gray and collaborators (1940). Tlie isolated mucosa was mounted 
in a dual-chambered bath (Figure 4) between two flanges with a cir- 
cular opening of 1 cm in diameter. The chamber which bathed the 
secretory side of the mucosa had a capacity of 3 ml and was generally 
filled with H-O or 0.7 % NaCl solution. The other chamber contained 

/Txjm fl.C. bridge 
io Pt-fJg eCcetrodes 



to caUomei ciectrodes 
tube potentio~ 
meter 


Figure 4. Scheme shotoing the perfusion apparatus. The mucosa preparation 
is inserted between the inside (i) and outside (o) chamber. 


16 ml of an artificial nutrient solution (modified Ringer solution ac- 
cording to Gray and coll.). Both chambers wore aerated R*ith 3 a 5 % 
CO» in pure Oj. The whole apparatus was made of Perspex glass and 
was square in form. The temperature was 20 i 2 C°. 

The leads for mucosa potential measurements were arranged accord- 
ing to Figure 4. The pH determinations were made by aid of a glass 
or antimony electrode inserted in the (o)-solution, the (o)-sidc calo- 
mel electrode being the reference electrode. Both electrodes were con- 
nected to the same vacuum tube potentiometer as used for the mucosa 
potential measurements. 

2. Impedance measuremetits. The conductivity electrodes 
were 2 X 2.5 cm silver plates platinized according to Jones and 
Bollinger (some AgCl formed at the platinizing was dissolved in 
ammonia). These electrodes showed a negligible polarization over 



PROPERTIES OF SURVIVING GASTRIC MUCOSA. 247 

the frequency range employed. They were inserted in a fixed position 
(by means of small groves in the chamber walls) each time an impe- 
dance run was made, each electrode being 5 mm apart from the mucosa 
membrane. When HjO had been used as (o)-side bath it was substituted 
by 0.7 % KaCl during the impedance run. 

The A. C. b r i d g e m e t li 0 d s for the impedance determinations 
were the following 1) in the earlier experiments a “parallel resistance 
method” with a set up as schematically shown in Kg. 5. Here the un- 
known impedance was balanced and expressed by Ep andXp (= l/coCp) 
{vide supra). Transformations into Eg and Xg could be made by aid of 
the conventional formulas (c/. Hauge). 2) In more recent experiments 
the more convenient and time saving “Grutzmacher method” was 
employed with a wiring according to Fig. 5. Here the impedance Z and 
the phase angle tp were read directly (c/. Grutzmacher’s paper). 


1 

Gen. 

[ 

Gen. 

Celt 

11 

Cell 

1-1 


7^p Cp 

(il 

0 

K7V 

V 


W 



Thraltrl rtiiataner iridge Gri/tx/noe/mr britigr 

Figure 5. Mock scheme showing the arrangement with the impedance meas- 
urements, Gen. = oscillator. V = amplifier. ITTV — vacuum tube voltmeter. 
CRO = cathode-ray oscillograph. Rp, Cp, Z = balancing devices. 


The oscillator furnished frequencies from O.oi to 13 kHz of a good 
sine wave form. The A. C. potential over the electrodes was low, 
10 ± 2 mV at all frequencies. All usual precautions against errors due 
to capacity to earth etc. were taken. The accuracy of the methods was 
controlled on “dummies” composed of known resistances and condensers 
and was approximately rfc 2 % at Z values > 100 Q, the angle (p 
could be determined to i 0°.5 or less. 

In the diagrams and tables presenting the results the resistance 
figures of the electrodes -j- the bath solutions have been subtracted 
(the reactance was negligible). These figures were determined in “blank” 
runs using a filter paper instead of the mucosa membrane. For 0.7 % 
XaCl the figure was 100—105 Q at O.oi kHz depending on the tem- 
perature and a few ohms less at 13 kHz. A complete run including 
measurements at ten different frequencies took about 10 noinutes. 

3. Mucosa potential measurements were performed by aid of the two 
identical calomel electrodes connected to the (i)- and (o)-chamber. A 
direct reading vacuum tube potentiometer gave readings good to about 
i 0.5 mV. The sign of the potential is that of the (o)-side (the con- 
vention adopted for the sign was the following: the potential genera- 
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ted across a filter paper membrane when diluted IICl was placed in 
tlie {i)-cliambcr and H.O in the (o)-cbumber was defined as positive 
on tlic (o)-side). 

4. The conslrudion of (he mpedmtcc heufs and mcasurementH on tbe 
locus diagrams were performed graphically. By trial a circle was found 
out, w'hich gave a satisfjdng fit to the points obtained at tbe different 
frequencies in a plot with series resistance II, as ordinate and .series 
reactance Xr as abscissa. Often a con.sidcrablc departure from a cir- 
cular arc was observed at tbe bigbest frequencies, tbc.se points were 
tben disregarded at tbe circle construction. The reason for ibis depar- 
ture is unknown, but has been reported in otber pajiers on impedance 
measurements (c/. for instance Com: 1010 p. ]]('»), Once tbe center bad 
been obtained, it was an easy matter to find (fy, Kp and [cf. V igurc 3). 


Kesulls. 

The impedance characteristics of the gastric mucosa during 
different conditions are presented below as the actual locus dia- 
grams or as values for <pp, Kj, and obtained fmm the corres- 
ponding locus curves. In all experiments where no. .special notice 
is made the mucosa has been normal in the sense that a di.stinct 
acid secretion has been obtained, t. c, tb.c pH of the (Q)-chambcr 
has decreased to 4 or generally less within a lev,- liouns. In most 
instances this acidification lias taken place .spontaneously, other- 
wise the addition to the (i)-chamber of 0.2 ml of a 0.1 % bi.sl- 
amine hydrochloride solution sufficed to jirovokc an acid secre- 
tion. 

The effects of the following conditions were especially studied: 

1) sponfamou.s gastric acid formation 

2) induced acid for7nation 

3) mechanical treatment 

4) cell poison (chloroform) 

5) alternating current floio 

6) specific catmi efjccls (K+, Na*^, H'^). 

1. Spontaneous gastric acid fortnation was obtained in more 
than -/a of all the investigated cases (more than one hundred 
animals) after a “latency time*' of one half to one hour after the 
completion of the preparation. Table I shows the course of a 
typical experiment {cf. also Figure 8 between 0^00“ — 

During the latency time it is especially noticeable that the "shmt'’ 
resistance Rp starts with a very low value which increases rapidly 
with several hundred per cents and reaches a maximum after 
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Tnl)le 1. 


Spontaneous gastric acid formation. 
0.7 f,' 2^aCl 2 « the (o)-side chamber. 


■ Tinx* 

Treatment 

1 

pH 

(o)-side 

Tr 


SI 

(o)-(i) 

mV 

0"00K 

Prt'TOratinn finishc<l . . . = 

0.07 

„ 



— 4.1 

1 V.~> 

Impetlanro run A 

.'uCT 


70 

10 

— 4.1 

‘ja 

» » P> 

r,.ra 

r>5 

235 

20 

— 11.3 

! 48 

» t ( ; 

s.^ri 

fu 

322 

27 

— 1.5.1 

S 1!i37!= 

► » 1). 

4.30 

03 

303 

27 

— 11.0 

i 

» . K 

.1.31 

04 

200 

28 

12.2 

! .I'-S.'.-l 

! » » T 


72 

208 

27 

— 11.1 

! •I.’l 

' Cii.inireU XaCl in (n) ... 

— 



— 

— 


] 

4.19 



1 - 

— 

— 11.8 


. Imnetituice run G 

3.2.7 

73 

214 

20 

— 14.0 


» 11 

•2.77 

7S 

190 

20 

— 14.S 


’ i 

2.01 

79 

200 

27 

— 18.0 


iUiout nil liour when the acid production lias just started. Later 
on. it rcmaiu.s more or loss constant, even substitution of the acidi- 
fied (o)-.'=ohition against fresh, neutral saline causes but a slight 
clinngc. — The pohirhathn mi^Ic increases in general slowly 
during the experiment without any “brenk.s'’ relating to the acid 
formation. — Tlie Jiujh jraptaicif rcsi.^tlaiicc remains unchanged 
within the limits of the c.vpcrimental errors. — The "mcmhraiw 
j,o(entUtV' across the stomach preparation has a typical course; 
it .starts with almost zero potential but. shifts towards negative 
values (up to —o a — 20 inV) simultaneously with the beginning 
acid production and tlic rise of Up. 

2, JndnccJ gastric acid formation is demonstrated in Table II. 
In this case for .some unknown rca.son no spontaneous acid secre- 
tion took place. Here both Up and the membrane potential re- 
mained at low values. A marked "spike’’ of Up was, however, 
observed when acid .started to come after the histamine addition. 
This case is tnneal for a "bad” .stomach preparation: none or 
a very weak spontaneous acid formation and low figures for tbe 
electrical parameters. 

3. Mechanical treatment: In general the stomach preparation 
was rather insensitive towards mechanical treatment as mild 
scratching on it.s surface when fixed in the apparatus. In seve- 
ral cases one could .succes-sfully remove the top layer of the mucosa 
cell layer. In spite of this operation the acid secretion continued 
with unchanged intensity. The A. C. impedance parameters, 
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Table II. 


Non-sccrclinp mucosa inhere histamine induced acid formation. 
0.7 NaCl in the (p)-sidc chamber. 


Time 

Trcntmcnt 

pH 

(o)-Hide 



n 

(o)— (i) 
mV 

0^00“ 

Preparation finished . . . 

T.e.'i 

— 

-r— , 


-1-0.5 

10 

Impedance run A 

C,43 

48 

38 

12 

-i- O.S 

38 

. . B 

n.or, 

60 

48 

17 

— 1.1 

lliOSm 

> > C 

0.05 

60 

00 

24 

— 0.3 

11)20“ 

» » D 

0.03 

49 

94 

20 

— 3.5 

21)25“ 

» » E 

6.05 

49 

11(5 

20 

— 5.2 

2l'31“ 

Changed NaCl in (o) ... 

— 

— 

— 

— 

— 

2''32“ 


0.22 

— 

— 

— 

— 6.3 

31)12“ 

Impedance run F 

.5.20 

61 

110 

20 

— 6.1 

3l>65)n 

» * G . . . 

6.20 

60 

118 

20 

— 7,1 

4l>00“ 

Hi.stnmino added in (i) . . 

— 

— 

— 

— 

— 

4l'39m 

Impedance run II 

4.30 

40 

180 

21 

— 7.3 

4l'48m 

Cliangcd NaCl in (o)... 

— 

— 

— 

— 


51)45“ 

Impedance run I 

3.77 

40 

132 

25 

—7,3 

81)26“ 

» * K 

2.65 

65 

114 

23 

— 7.0 

221)23“ 

» » L 

6.35 

02 

C7 

4 

-0.4 


however, were "shocked” in the sense that hotli the shunt re- 
sistance Rp and the polarization angle (jtj. suddenly decreased 
markedly after the operation (Figure G a, curve C before and D 





Figure 6. a) Left part: Locus diagram on 
the effect of a mucosa operation. C before, 
D immediately after the operation, 
E = 1 hour, F = 2 hours after the ope- 
ration. h) Fight pari; Locus diagram on 
the effect of^ chloroform poisoning. A=be- 
foro addition of CH,C1 (the mucosa was 
treated with n/10 KCl on the (o)-sidc). 
B = 10“ after, C = Ih after the CH,CI 
addition. (Figures on the arcs in kHz.) 


immediately after the injury). 
There is also evidence of a 
good "recovery”, a few hours 
later both Bp and rpp have 
again risen considerably (c/. 
curve E and F), 

4. Cdl 'poison. Both IvCN 
and chloroform added to the 
nutrient solution killed the 
stomach when 

present in sufficient amounts. 
Here a case of chloroform 
poisoning is reproduced in 
Figure 6 b. The “killing effect” 
as reflected b}’- the impedance 
characteristics is very t^’pical. 
The impedance locus arcs 
"shrink” enormously and dis- 
appear finally. It is the Bp 
which vanishes, the polariza- 
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tion angle seems to be less affected. The membrane potential 
also decreases. The "killing” process can extend over several 
hours if the poisonous dose is small. The effect of KCN was 
rather similar to that of the chloroform. 

5. Alternating current jloiv is obviouslj an important factor 
to know something about in this study. Most authors employing 
the A. C. conductivity method on living objects have avoided 
strong currents. Especially Gerstner (1939 p. 602) has made a 
systematical investigation as to the 
influence of the current density on 
frog skin polarization and recom- 
mends an A. G. voltage <0.1 V 
(at 1 cm® skin area) in order 
to obtain capacity and resistance 
values which are independent of 
voltage and time. The experiences 
with frog stomach preparations 
made here are in agreement with 
Gerstner’s statements. In Figure 7 
some locus diagrams are shown 
which demonstrate the injurious 
effect of a high voltage (curve C 
was measured with 1 V as compared 
with curve A and B which were 
exposed to 0.01 respectively 0.1 V). 

There is an immediate "shrinkage” 
of the locus arc similar to the 
chloroform effect. Here, however, 
a tendency to a recovery was 

visible provided the exposure to the higher voltage was not 
too long (c/. curve D at O.Ol V). 

6. Ionic effects can be demonstrated by changing the compo- 
sition of the solutions on both sides of the stomach prepara- 
tion. Only the influence of substituting sodium for potassium 
(or hydrogen) ions on the oz/iside (^. e. the side which secretes 
the gastric HCl) will be discussed hero. Not only in the natural 
condition, but also in the excised, surviving state is this part 
of the stomach tissue insensitive towards the ionic composition 
of the solution bathing it. Even pure water does not seem to in- 
jure the mucosa. Unfortunately there arise several experimental 
difficulties due to the very low conductivity when attempting 



Figure T. Loom diagram art ike 
effect of alternating current flow. 
A = 0.01 V. B = 0.1 V, C = I V. 
(The exposures lasted 5 to 10 min- 
utes, the intervals 5 min.) 
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to measure the A. C. impedance with ])urc water in the (o)-side. 
Therefore, all measurements were nuide either with "idiysiolog- 
ical” saline (0.7 % NaCl) con.stantly pre.sent or ^\ith tliis solu- 
tion as a substitute for water during the periods of the impcdanre 
runs. No conclusive differences between the imjiedance cffect.s 
of pure water as compared with .saline could be detected, the .sa- 



O Q f2 f& 

Hours 


Figure S. Diagrams on an experiment tcith sjwnlaneous gastric HCl-fCcrelion 
where the {o)-side solution was changed from NaCl to KCl. Comments in the text. 

line results were, however, more reproducible and were therefore 
mostly resorted to. 

Some very marked effects Avere constantly observed when 
NaCl was substituted for N/10 KCl as is evident from the 
experiment shoAvn in Figure 8. In the first place it is to be 
noted that this substitute has no influence on the ability of the 
mucosa to secrete acid as can be seen by examining the pH curve. 
As regards the mvcosa potential the only striking effect is a tern- 
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porary but slight increase of the negative potential a short pe- 
riod after the KCl additions. 

The most striking effect, however, is noticed on the ‘polariza- 
tion angle q>j,. KCl changes rapidly toivards higher valties, some- 
times near 90°, which means that the locus arcs appear as good 
semicircles (curve A in Figure 6 b is actually a “potassium effect” 
and should be compared with, for instance, curve C in Figure 6 a 
which is a typical NaCl locus arc). This “potassium effect’’ on 
<Pp is markedly reversible: pp is high with KCl and decreases if 
JSfaCl is again used as the (o)-solution (c/. Figure 8 between 
and 12’’05™). 

The “potassium effect” on the parallel resistance Bp is also 
very apparent but rather complicated: The general trend seems 
to be that KCl tends to decrease Bp when KaCl may increase it, 
at least when these solutions are used consecutively (in Figure 
8 there is, for instance, the temporary decrease after the KCl 
additions at 5’'00'" and 11*"00® and the rather sharp rises of Bp 
at 7*'50“ and 12'’05“' when KaCl was. added). On the whole it 
appears as Bp and pp vary inversely under the influence of KCl 
or NaCJl added to the (o)-side. 

Ko certain effects on the high frequency resistance B^^ were 
observed when exchanging NaCl for KCl or HCl. 

The effect of hydrogen ions seems to be somewhat similar 
to the K-effect but is often erratic (c/. 13^55“ and 15’'00“). 

Biscnssion. 

The experiments on the isolated, survi\dng mucous membrane 
from the frogs’ stomach have clearly demonstrated that the 
A. C. conductivity varies with the \’iability of the preparation 
and after mechanical, electrical or chemical treatment. The main 
observations w'ill now be discussed. 

1) The mucosa membrane had a small value on the parallel 
resistance Bp after the preparation, aftei’ rough mechanical treat- 
ment, after poisoning with CH3CI and after electrical injury 
with high alternating current density. This would signify that 
the “porous” cell or tissue membrane permeability towards elec- 
trolytes becomes high during these' circumstances (cf. p. 245). 
Such a fact would fit w’ell with the postulation of a low or low- 
ered viability of the stomach preparation under the conditions 
mentioned. Plugge draws similar conclusions as regards narcotica. 
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Gerstner (1941) has analytically shown that the pcrineahllity of 
Bulphocyanatc ions (SON) actually runs parallel with a decrease in 
the “Blindwiderstand” at a given frequency and seems to assume that 
these ions penetrate through the intercellular route [1. c. Fig. 1 on 
p. 8, whore it is possible to sec that a quantity corresponding to Up 
in the sense used here, also diminishes when the permeability rises). 

If one grants the supposition tliat Rp is a mea-surc of the cell 
and tissue membrane electrolyte transport one may be inclined 
to explain the so called "fotasmm effect” ob.servcd above as 
an indication that the cells, or udiatcvcr tissue element may he con- 
cerned, have a high 'permeability for KCl. NaCl which tends to 
increase Rp after KCl treatment would then be considered as 
less permeable. Tlic same w'ould apply to HCl which generally 
also increases the Rp, at least when this acid is formed naturally. 

2) The behaviour of the polarization angle is not so easy to 
explain in terms of permeability. It is obnous from our e.xperi- 
ments on frog stomach mucosa that pp reacts’ very promptly 
towards the exchange Na"^ — >- K"** and the reverse but is less 
sensitive to mechanical stimulation or a narcotic ns CHjCl. 
According to the interpretation favoured by, ior instance Diehl, 
an increased polarizability, marked by a high value of pp, would 
indicate a reduced permeability of the cell membranes proper. 
According to Cole (1940) the membrane capacity giving rise to 
Pp ■would represent the ion impermeable strueture.s. Hence, the 
observed pp variations would signify some changes of these struc- 
tures. 

Gerstner on the other hand employs the series capacity C, at one 
low frequency as a permeability indicator and demonstrates that this 
quantity varies ■with the magnitude of the SCK transport through 
frog skin. Cole-Diehl’s and Gerstner’s methods arc not directly com- 
parable because it may be theoretically possible that the pp as defined 
here and by Cole and Diehl can remain constant in spito of a varia- 
tion of the Gg. In fact, a system corresponding to any frequency in- 
dependent capacity and a constant parallel resistance like Figure 1 
may always yield the same locus diagram regardless of the size of 
the capacity. The difference wll solely consist in a different posi- 
tion on the locus arc of any one point corresponding to a given fre- 
quency (which is easy to understand by considering the definition of 
the — tgp as equal to l/EgOjC,). If the same situation would occur 

^ This seems to bo an unusual event, because Conn (1940) emphasizes 
that the membrane resistance under experimental conditions is more easily 
subject to changes than the membrane capacity which in general remains 
relatively unchanged. Guttman made the same observation on frog sarto- 
rius muscle during the action of chloroform. 
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to a frequency dependent capacity as is generally tliouglit to exist 
in tlie “polarization elements” of the living tissues, it would neces- 
sitate also some kind of definition of this frequency dependence. An 
attempt at such a definition is made by Cole who introduces the 
"characteristic frequency”, (Nc), i. c., the frequency corresponding 
to the maximum of the series reactance Xj. In Figure 8 the dotted 
line in the section showing denotes the observed No variation 
after the treatment with NaCI and XCl-solutions. It is evident that 
this quantit}* as well ns the polarization angle pp is markedly in- 
fluenced by the ionic cn\TroniKent. In fact, the changes of No reflect 
the exchange KCI':^lLNaCl even better than (pp andRp. On the whole 
there is a good parallelism between the two first mentioned quantities. 

Summarizing, we may state that our observations seem to in- 
dicate that the “polarization elements”, probably located in the 
cell membranes, are subject to ionic influences in direction of alow 
potassium permeability of the cdl membranes, whereas the changes 
of Rj, on the contrary would indicate an increased intercellular 
potassium transport as compared with sodium. We believe, how- 
ever, that such an interpretation must be taken with extreme 
caution at least as regards the significance of changes of yip and Ng, 

As vet, the only A. C. quantity which seems to possess an im- 
ambiguous significance in the Gildemeister-Cole scheme is the 
“parallel resistance” Rp, it appears to be a good (inverse) measure 
of the ionic i issue permeability. The exact biological meaning of 
other characteristics as the polarization angle will not be clear 
until the general nature of membrane polarization is more elu- 
cidated, We agree with Gerstker, Cole and others that model 
experiments on well defined, non-living membranes are highly 
desirable,* 

In expectation of a better ph}*sical ground for the understanding 
of polarization phenomena one has, however, to be content with 
the fact that A. C. impedance quantities may be useful measures 
on alterations in living cells or tissues, alterations caused by some 
kind of stimulation or injury, it ran}' be of an electrical, mecha- 
nical or chemical nature (c/. for instance Cole & Curtis’ stu- 
dies on the transv'crse A. C. conductance of the electrically sti- 
mulated Loltgo nerve or Hofmann’s experiments with narcot- 
ics and analeptics of frog skin etc.). 

3) As regards the behaviour of the mucosa membrane potential 
it seems premature to attempt any discussion. Plugge s state- 

* Wc have studied moisture proof cellophane in a number of preliminary 
experiments. It has shown A. C. impedance properties which in several 
respects resembles the living membranes. 
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ment that there exists a "Parallcigehcn" between polarization 
capacity and mucosa potential can neither be confirmed nor denied 
with the data at hand. Some interrelation may perhaps exist. 

This work has becii aided by grants from the Rockefeller 
Foundation and the Andersson Foundation. Our thanks are 
also due to Miss Ingrid Aiirne for skilful technical assistance. 


Summary. 

The alternating current impedance of the isolated, surviving 
stomach mucosa from frog was examined over the frequency 
range 10 — 13,000 c/s. The results were expre.ssod in terms of 
impedance locus diagrams according to Gildemeister-Lullies- 
COLE. 

In general it was found that different .states of activity and 
external conditions had a marked influence on the impedance 
quantities such as the "parallel resistance'’ and the "polarization 
angle”. On the whole, it was found that strong stimulation (in 
connection -wnth secretion, or electrical current flow) or injury 
(mechanical or chemical) in particular affected the parallel re- 
sistance. 

Impedance quantities related to the polarization properties of 
the mucous membrane, i. c. the "polarization angle” and the 
"characteristic frequency”, were sensitive to the exchange of 
soduim ions against potassium ions ("potassium effect”). 

The observations are discussed according to some current hy- 
potheses. It is emphasized that great caution must be exercised 
when attempting to interpret the impedance quantities in terms 
of cell and tissue permeability. 
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Chemically the mitosis is chiefly characterized by changes in 
the nucleic acid content, large quantities of dcsoxjTibose nucleic 
acid being concentrated in the karj'-oplasm during the mitosis 
(Brachet, Caspersson a. o,). Consequently it may be possible, 
by measurements of the nucleic acid turnover, to obtain an 
estimate of the mitotic activdty in a selected organ. The correct- 
ness of this view has been confirmed by investigations by v. 
Euler and Hevesy (1944) and Andreaskn and Ottesen (1944). 

We have tried to answer the question about the importance 
of the different lymphoid organs as a source of blood lymphoc}'tcs 
by determining the rate of desoxyribosc nucleic acid formation 
in various lymphatic tissues. 

The lymphoid tissue atrophies with age and this atrophy is 
proportionally more pronounced than the involution of any other 
tissue in the organism. It would be reasonable to assume, there- 
fore, that the magnitude of lymphoc}d:e production is also sub- 
jected to regressive changes with increasing age. In this study we 
have consequently examined the nucleic acid turnover in three 
different age groups; one in which the rate of growth of the lym- 
phatic tissue is very great; one in which the tissue has reached 
its maximum development, and one, finally, in which the lym- 
phatic tissue of the thymus and the lymph nodes has been atro- 
phied for a long time. 
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Material and Methods. 

We have used albino rats of which the youngest group comprises 
infantile animals (3 — 5 weeks old). The next age group is made up of 
young mature animals (3 — i months old); the last group are old animals 
(1—2 years old). The development of the lymphoid tissue in each age' 
group can be read from Fig. 1 which illustrates the growth and involu- 
tion of the lymphoid tissue, estimated by quantitative determinations 
of the phosphorus content of the ribose- and desoxyribose nucleic acid 
in the individual lymphoid organs. 

The rate of formation of nucleic acid was investigated by means 
of a radioactive tracer substance. The principle of the method may be 
summarized as follows; after injection of ra^oactive phosphorus (®®P) 
into an animal, it is possible shortly afterwards to trace the labelled 
phosphorus in the blood plasma and in various tissues of the organism. 
Here the labelled phosphate takes part in the various chemical reac- 
tions with the same probability as the other phosphate ions present. 
Thus, when nucleic acid molecules are built up, a certain fraction of the 
nucleic acid vdll be labelled with radioactive phosphorus. If the entire 
nucleic acid content of a lymphoid organ were formed within the ex- 
perimental period, 1 mg nucleic acid P would contain the same per- 
centage of “-P as 1 mg phosphate P. If, on the other hand, 1 mg nuc- 
leic acid P has a lesser activity than 1 mg phosphate P — e. g., 1/100 



Fig. 1. Graphs showing averages for absolute amount of nuclein phosphorus in 
the lymphoid organs of female rats. The arrows indicate the stages of development 
at which the organs arc examined in the present study. 
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of its activity — the amount of nucleic acid formed in the experimental 
period will make up only 1 per cent of the total imcleic acid content 
of the organ concerned. Assuming, of course, that phosphate P has 
the same activity throughout the experimental period. 

For our experiments the labelled phosphorus was administered ns 
sodium pho.sphatc; it was dissolved in a yihysiological salt solution and 
injected subcutaneously in a quantity of O..'- — 1 cem per animal; the 
dose had an activity corrc.sponding to about 1 — 4 mieroCurie, depending 
on the size of the animal. The rather low dosage in connect ion with the 
short experimental period jirobably excludes an effect of the /?-ray8, 
emitted by the active phosphorus on the formation of the labelled 
nucleic acid (see also p. 2GG). 

Three hours after the injection the animal was killed by bleeding; 
a sample of blood was taken for determination of the activity of free 
plasma-P. The lymphoid organs were segregated, weighed and crushed 
in a mortar. In addition a thorough inspection of all organs was under- 
taken in order to be sure that tlic animal wa.s perfectly normal. One 
animal, as a rule, was employed in each experiment. The youngest 
animals (20 days old), however, weighed only 30 grams each and in 
this case it was nccc.ssary on account of the method of extraction to 
pool the organs from G animals of the same litter. 

The dcsox}’Tibosc nucleic acid of the lynnphoid organs was extracted 
and purified by a method described by Klein and Beck (1935) but 
adapted by Hevesy cl al. (v. Euleii and Hevesv, 1012; Hevesy and 
•Ottesen, 1943) to tissues containing radioact ive phosphonis. The ac- 
tivity of the nucleic acid was measured by a Geiger tube counter; 
particulars of the method of incasuremont are given by Ambrosen, 
Madsen, Ottesen, and Zeuaiin (1915) and Ottesen (1945). 


Distribution of Injected ^*1* in the “Free” I’hosplmtc 
of tlio Lymphoid Organs. 

The percentage ratio of the specific activity of nucleic acid P 
and the specific activity of the plasma phosphate P, extracted at 
the end of the experimental period, is often used ns an expression 
for the nucleic acid turnover in an organ (specific activit}’ de- 
notes the percentage of the ^’^P administered present in 1 mg P). 
Beside the nucleic acid turnover this ratio is also due partly to 
the different rate at which the labelled phosphate from blood 
plasma penetrates into the cells where nucleic acid molecules are 
built up. A comparison from organ to organ of this ratio there- 
fore will be permissible only vvhen the rate of penetration is the 
same. The uniform structure and vascularization of the lymphoid 
organs might justify the assumption that the rate at which the 
labelled phosphate penetrates the cell-membranes is about the 
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same in the different organs. This question is, however, of such 
great importance to the correct interpretation of our results, that 
we have determined the renewal of the “free” phosphate in the 
various organs of some animals belonging to different age groups. 
The free phosphate was extracted by 10 per cent trichlor-acetic 
acid and precipitated as ammonium magnesium phosphate; an 
aliquot of the solution was used for colorimetric P-determination 
ad modum Fiske-Subbarow-Teorell, the remaining fraction was 
used to measure the acti\'ity. 

The results of the determinations of the “free” P extracted 
from different lymphoid organs and the plasma are seen in table 1 

Table 1. 

Distrihdion of liadioaciivc P hi the ‘'Free'' Phosphate Extracted 
from Plasma and Lymphoid Organs. 

E.’qpcrimcntal Animnls: Three Groups of Albino Rnts (1 — 4 and 18 Months). 


i 1 

i ! 

Percentage 

r.ntio of injected = 

'=P in 1 

mg “free” P i 

1 

\ I 

i Organs 

( ■ i 

I month 

1 IV months | 

Xmi months j 

1 jl hour 

*3 hours 

1 

|‘/- hour 

1’/, hour 

js Jioursjs hours; 

|S hours 

! i 

1 Thymus j 

f ! 

1 3.21 

1 

1 l.ss , 

i 

0.99 1 

1 2.04 

i 1.81 

! 1.50 

’ 1.01 

' Lymph nodes of 1 


i ! 

i 


1 1 



\ intestines 1 

2.02 ! 

1 l.II j 

i 

1.59 

' 1.22 i 

^ 1.10 , 

, 1.12 ' 

i Lymph nodes of | 


1 

1 

1 




' • skin I 

'2.4. 'i 

1.10 1 

0.49 i 

i 1.5G 

’ 0.95 

1 1.10 1 

1.16 j 

i Spleen i 

1.9.'; 

i 1.41 i 

0.C8 ; 

1.10 

1.33 

1 1.55 j 

1.08 1 

Plasma ! 

, 5.07 

1.42 1 

5.12 


1.73 

1.5S , 

i 1 


The table shows that some time will pass before the plasma P 
comes into exchange equilibrium with the inorganic P of the 
tissues. In the thymus, the renewal takes place more quickly 
than in the other organs; this statement, however, does not con- 
cern the atrophied thjnnus (group XVIII); the figures show that 
the Tenew'al in the different lymphoid organs from old animals 
is approximately identical. The difference in the rate of penetra- 
tion of the injected =-P is most easily understood, when the 
specific activity of the free phosphate is expressed in proportion 
to the specific activity of the phosphate of a single organ e. g. 
the thymus. This has been done in table 2 in which the renewal- 
rate in the thymus is taken as 100. 

The rate of penetration thus changes wuth age. This confirms 
the observations by Ahlstbom, v. Euler and Hevesy (1944), 
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who found that phosphate ions penetrate considerably faster into 
the splenic cells of three days old rats than in the case of mature 
animals. 

Ta1)lo 2. 

The Bclaiivc Bate of Penciraiton of Badioadivc P 
into the Cells of the Ijimphold Organs, 




Percentage ratio of injoctwl ”P in 1 mg "free" P. 
The values of the thvmns arc taken 100 ' 


IV months 


j XVJII months 


1 honrjS hours >/j hour|p/( liourjS hours'3 iiours'3 hours.. 


Thymus 

, Lymph nodes 

i 

• • • 1 

of 

^ 100 

1 

100 1 

! i 

' 100 

1 1 

100 1 

100 

100 

100 

intestines . . . 

1 Lymph nodes 

‘of 

63 

61 ! 

1 


78 i 

i 

70 1 

74 : 

: 109 

i skin 

. » • 

76 

62 j 

SO 

76 i 

54 

t i 

113 

1 Spleen 

. . . 

61 

76 ! 

69 

69 1 

7G I 

10.') i 

108 


"We have not undertaken a corrcctioti for the presence of la- 
belled phosphate in the extracellular tissue fluid. The amount of 
intracellular phosphate is so much larger than the contents of 
phosphate in the extracellular fluid {conf. v. Euler, and Hevesy 
1942) that the specific activity of free organ-P depends essentially 
on the activity of intracellular P. 


Specific Actirity of Nucleic Acid Extracted 
from the Lymphoid Organs. 

The measurements of the activity of nucleic acid extracted 
from the different lymphoid organs are recorded in tables 3 — 5. 
The tables contain statements of the specific activity of nucleic 
acid-P extracted from various organs together with data indicat- 
ing the percentage ratio of the specific activity of free plasma 
phosphate extracted from the blood of the animals in question 
at the end of the experimental period (3 hours). The values ob- 
tained may be taken as an estimate of the nucleic acid turnover 
in the organs, as, in contrast to various acid-soluble phosphorus 
compounds, the desoxynbose nucleic acid molecules are renewed 
but very slowly (v. Euler and H[EVT:sy, 1942). These figures do 
not indicate absolute values for the nucleic acid turnover. To 
obtain such values an average of the activity of “free” P during 
the whole experimental period would be required. Wc are, how- 
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ever, not so interested in the exact values for the nucleic acid 
turnover; we wish to examine only the ratio of the nucleic acid 
turno'^er in the different lymphoid organs, and for this purpose it 
will be sufficient to compare the activity of nucleic acid P de- 
termined at the end of the experimental period with the ac- 
tivity of “free” plasma P, also determined at the end of the ex- 
perimental period. 

Our results show that the nucleic acid turnover is considerably 
higher in the thymus than in the other lymphoid organs. Comparing 
the turnover in the different lymphoid organs it must be remem- 
bered (see above) that the rate at which phosphate ions penetrate 
into the thymic cells is somewhat greater than in the other lym- 
phoid organs of the animals aged one and four months. 

This means that the difference of the nucleic acid turnover in 
the thymus and the other lymphoid organs is somewhat lower 
than the values in tables 3 and 4 indicate.® 

Compared with the nucleic acid turnover in other rat-organs 
(Hevesy and Ottesen 1943; Ahlstrom, v. Euler and Hevesy 
1944) the nucleic acid turnover in the lymphoid organs is very 

Table 8. 


Desoxyribose Nucleic Acid Turnover of the Lymphoid Organs 
in Infantile Animals, 


« ! 

S' i 

^3 • 

.S i Organs 

o 1 
to f 
^ 1 

. .. ! Percentage ratio 

Pcrcontage ratio specific activity 
of mjected amountiof and 

of -P m 1 “free” P in plasma 
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i 

20 j Thvmus 

0.031* 

8.5 

I Lymph nodes of intestines 

O.oic* 

4.4 

1 Lymph nodes of skin 

O.ooo* 

2.7 

i Spleen 

0.010* 

5.2 

30 1 Thymus 

O.IDO 
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‘ Lymph nodes of intestines 

O.oo.'s 


! Lymph nodes of skin 

O-otr) 

1.5 

j Spleen 
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1.0 
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O.ovo 
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4.5 

i Lymph nodes of iilfln >i ... > 

O.OIIO 

3.0 
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refer to one rM only. .... ,i < < 
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tions tho iinoloio mild )’i'iimvnl in (lln lynijtli ninli'H nml mdt’i'U In nhi'i't r»0 per 
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Table 4. 

Desoxyrihoso Nucleic Acid Turnover of the Lymphoid Organs 
in Young Mahtrc Animals. 


Ago in months 

Organs 

I 

• Percentage ratio 
jof injected amount 
of ”P in 1 mg of 
! nucleic acid 
'(Specific activity) 

; 

Percentage ratio 
of .specific nclivily 
of nucleic acid and 
“freo" P in plasma 
(Percentage re- 
newal in 3 lioura) 

4 

Thymus 

! 

i 0.077 

O.o i 


Total of lymph node.s 

1 0.022 

1.7 S 


Spleen 

0.031 



Bone marrow 

0.1. 30 

} 

lO.o 1 

4 

Thymus 

' O.OCl 

4..S i 


Lymph nodes of akin 

0.020 

I.o 1 


Spleen 

0.01.3 

1.2 j 

3 

1 Thymus 

■ 0.0307' 

.0.1 


1 Lymph nodes of intestine.^ . 

O.oion' 

1.5 


1 Lymph nodes of skin 

' 0.0081* 

1.2 


■ Spleen 

O.OOOD' 

O.O 


, Peycr’s patehes 

: 0.017.')' 

2.4 


Table o. 

Dcsoxyribosc Nucleic Acid Turnover of the Lymphoid Organs 

in Old Animals. 


Ago in months 

Organs 

Percentage ratio 
of injected amount 
of ’=P in 1 mg of 
nucleic acid 
(Specific activity) 

Percentage ratio 
of .specific nclivit}’ 
of nucleic acid and 
free P in plasma 
(Percentage re- 
newal in 3 hours) 

12 

Thymus 

0.O7O 

hA 


Lymph nodes of intestines 

0.011 

0..S 


Ljnnph nodes of skin 

n.OlO 

O.S 


Spleen 

O.OlO 

O-s 

17 

Thymus 

0.OS2 

6.0 


Lymph nodes of intestines 

0.017 

1.3 


Lymph nodes of skin 

0.01 S 

1.3 


Spleen 

0.00.0 

0.7 


Bono marrow .' 

0.170 

13.0 

14 

Thymus 

0.1 7 S' 

5.S 


L 5 'mph nodes of intestines 

0.020' 

O.o 


Lvmph nodes of slcin 

0.O32' 

1.1 


These values apply to an experimental period of 2 hours. 
These values apply to an experimental period of 12 hours, 
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large. Tlie onlj tissues examined so far in which the nucleic acid 
turnover was found to be of the same magnitude as in the thy- 
mus was the intestinal mucosa and the bone marrow. In our 
tables some figures are included indicating the nucleic acid turn- 
over in the bone marrow; these figures are remarkable by being 
about twice the values of the thymus. 

Nucleic Acid Turnover as a Measure of Lympliocji^e 

Production. 

It is pn record that the desoxyribose nucleic acid turnover in 
various tissues is in some way dependent on the phenomenon of 
cell mitosis. Likevdse, the desoxyribose nucleic acid turnover in 
an organ may be related to the mitotic activity of the organized 
tissues in question, provided that new-formed cells are not re- 
moved from the organ during the experimental period. 

As regards the l}’mphoid organs, the values (see tables 3, 4 
and 5) of nucleic acid turnover primarily denote the rate of lym- 
phocyte production. Part of the new-formed nucleic acid mole- 
cules, however, is used to build up the tissue in general, and this 
process continues on account of the physiological wear and tear 
of the body. In the ymmgest age group growth takes place and 
in this case more nucleic acid molecules will be utilized. The 
question about the nucleic acid requirement during growth pro- 
cesses has been examined by v. Euler and Hevesy (1944); in 
a Jensen-sarcoma a quantity of nucleic acid used for gro\Hh of 
the sarcoma by 1 per cent is stated to amount to nearly 2 per cent 
of the total nucleic acid content in the sarcoma. Only about half 
of this quantity, however, is used in the formation of new tissue; 
the other half is used for renewal of “old” nucleic acid molecules. 

In the lymphoid organs from the youngest of our experimen- 
tal groups, we must face the fact that we measure the nucleic 
acid turnover in a rapidly growing tissue. During the 3rd and 
4th weeks of postnatal life (con/. Andbeasen 1943) the weight 
of the thymus and spleen are doubled. Those of the peripheral 
lymph nodes trebled, and the intestinal lymph nodes will even 
5 — 6-double their weights. In the course of the experimental 
period (3 hours) we consequently must take into account an in- 
crease of the organ, which in the case of thymus and spleen will 
amount to about 1 per cent, as regards the peripheral lymph 
nodes 1.5 per cent, and in the case of the intestinal nodes 4 5 per 
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cent. We may assume that the organs originating from youngest 
litter (20 days old) have shown a growth-rate of this magnitude. 
This means that the tabulated figures for nucleic acid turnover 
in the mesenterial and peripheral lymph nodes are so small that 
they are swallowed up by the corrections due to the growth pro- 
cesses in the nodes; therefore there is nothing to indicate that a 
production of lymphocytes takes place. The difference in the 
nucleic acid turnover seen in the mesenterial and the peripheral 
lymph nodes (a difference not found in the older animals) may 
be explained by the different rate of growth presented by the 
two groups of lymph nodes at the time of examination. For thy- 
mus and spleen the magnitude of the nucleic acid turnover is so 
high that new-formed nucleic acid molecules must be used up 
for something else than the growtli. 

The other experimental animals in the 1 month's group were a 
little older (30 days and 40 days respectively) and the rate of 
grov-th of the organs already decreasing. The nucleic acid turn- 
over in the different organs is still high. This, however, does not 
apply to the turnover in the spleen which arc rather low being 
only a little higher than in the peripheral lymph nodes. Another 
circumstance must be considered, however, namely the size of the 
dose of radioactive phosphorus; into these two animals we in- 
jected a dose of about 2 microCuric which relatively correspond 
to the therapeutic dose employed by Lawrence ct al. (1939) in 
humans suffering from lymphatic Icucemia. These therapeutic 
applications extend over a long period and humans are probably 
more sensitive to radioactive pho.sphorus than rats, it is true, 
but it cannot be excluded a priori that the lower values in the 
above-mentioned two animals compared to youngest animals in 
which a similar dose was distributed over G animals, may be re- 
ferred to a lowering of the mitotic rate on account of )5-rays emit- 
ted from the radioactive phosphorus. 

The magnitude of the phj’siological wear and tear in a tissue 
is defined by Ahlstrom, v. Eueer and Hevesy, 1944; it is stated 
that the upper limit for the quantity per hour of new-formed 
nucleic acid in normal liver tissue amounts to 0.1 per cent of 
the total nucleic content. We are not able to give figures for the 
loss of nucleic acid owing to waste in the lymphoid tissue; but 
the values for liver tissue just mentioned are even being relatively 
high — has no influence on the high nucleic acid turnover found 
in the lymphoid organs. 
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In the lymphoid organs both, emigration and immigration of 
lymphocytes are possible, and it is pertinent therefore to ask 
n'hether the nen* nucleic acid molecules are formed inside the 
lymphoid organs or whether they are brought on from other or- 
gans where the sjmthesis has taken place. A histological study of 
Bjkdked (1940) throws some light upon this problem. By mea- 
surements of the mitotic rate in lymph nodes, spleen, thymus, 
and bone marrow in 15 and 20 days old rats, calculations showed 
that only the blood and the cortices of the lymph nodes take up 
small lymphocytes and that this supply is mostly furnished by the 
thymus. Furthermore Kindred found that the spleen and bone 
marrow are able to produce a sufficient number of small lympho- 
cytes to cover their intrinsic demand at this period of life. 

Therefore the nucleic acid turnover in the thymus of infantile 
animals probably indicates a high lymphocyte production, while 
in the Ijonph nodes it is exclusively due to processes of growth 
which are followed by no lymphocyte production of any conse- 
quence. As to the spleen the interpretation of our studies is ren- 
dered difficult on account of the formation of red blood cells and 
granular leucocytes in the splenic pulpa being rather pronounced 
in the first month of life (Jolly and Bossello, 1909; Andeea- 
SEN, 1943). 

Signifiennee of the Various Lymphoid Organs in Helation 
to the Lymphocyte Production. 

Assuming that the labelled desoxjYibose nucleic acid found in 
an organ is also s}mthesized there, we can utih’ze the data in 


Table 6. 

Tofal Nucleic Phosphorus Content of the Lymphoid Organs 
in Female Albino Rats. 


Age (months) 

Thymus 

Lymph 
nodes of 
intestines 

Lymph 
nodes of 
skin 

Spleen 

Peyer’s 

patches 

new-born 

0.024 mg 
0.21S * 



0,02G mg 


V* 



0.157 » 

0.067 mg 

1 

0.431 » 

0.155 mg 

0.2G4 mg 

0.262 » 

2 

0,702 » 

0.332 » 

0.540 » 

0.538 » 

0.216 » 

3 . .... . 

0,829 » 

0.3C5 * 

0.660 » 

0.676 » 

0.183 » 

4 .::....:;;:.... 

0.703 » 

0.380 * 

0.659 » 

0.730 » 

•0.142 » 

6 

12 

24 

0.552 » 
0,354 » 
0.081 » 

0.308 » 
0.237 » 
0.223 » 

0.652 » 
0.640 » 
0.5i9 » 

0.653 » 
0.668 » 
0.744 » 

0.139 » 
0.110 » 

0.1 IS » 
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tables 3, 4 and 5 to obtain an estimate of the total amounts of 
desoxyribose nucleic acid sjnitliesized in tlic various organs in a 
given period provided that tlie desoxyribose nucleic acid content 
of these organs is known . Now, we do not know the desox}Tibose 
nucleic acid content of the organs in question, but data on the 
total nucleic acid content of such organs are available (see And- 
REASEN, 1943); these figures are obtained by assuming that the 
residual phosphorus after the removal of the acid soluble phos- 
phorus and the phosphatide phosphorus is nucleic acid phosphorus. 
The figures emplo3’-ed in the following calculations for the lym- 
phocyte production in female animals, are given in table 6. 

The uniform structure of the different lymphoid organs make 
us believe that the total nucleic acid and desoxj'ribosc nucleic 
acid are present in fixed proportions. If this is the case we should 
be able to get an estimate for the content of the new-formed 
nucleic acid, meaning the rate of lymphoc}’te production, by 
multiplying the amounts of total nucleic acid with the percentage 
ratio of new-formed desoxyribose nucleic acid. 

In Fig. 2 the result of such a calculation referring to female 
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animals is presented g^ap^^ica^l 3 ^ TMs diagram shows that the 
thymus is more important than lymph nodes and spleen for the 
lymphocjdie production, a result 'which is in keeping "with Kind- 
red’s obserrations mentioned above. In our opinion the curves 
for the Ij-mph nodes and the spleen represent the upper limits for 
the Ij^mphocyte production since an immigration of l)'^mphocytes 
— deduced from the scarcity of mitotic figures — probably takes 
place. 

It goes without saying, that lymphocytes may be formed out- 
side the lymphoid organ, in the diffuse lymphoid tissue, above 
all in the bone marrow. In this particular organ we have found 
the nucleic acid turnover to be rather high. Such a finding was 
to be expected in view of the fact that intense formation of 
granulocytes and erj'throcytcs takes place in the bone marrow. 


Summary. 

The importance of the various lymphoid organs as a source of 
blood lymphoc}’tes is studied by determinations of the rate of 
desoxyribose nucleic acid formation in the organs under examina- 
tion. Tlie rate of formation of nucleic acid is estimated by means 
of the radioactive indicator method. The animal material is nor- 
mal albino rats in different age groups. 

A large nucleic acid turnover is observed in the lymphoid or- 
gans. The greatc.st renewal takes place in the thymus, the rate of 
renewal in mature animals being 5 — 6 per cent during the 3 
hours’ experimental period. The corresponding figures for the 
lymph node.s and the spleen arc only 1 — 2 per cent. 

Various considerations lead to the assumption that the desoxyri- 
bosc nucleic acid turnover affords an estimate of the lymphocyte 
production in the different lymphoid organs. According to this 
conception, calculations show that the thymus must be the most 
important lymphocytopoietic organ except in old age when the 
weight of the organ is markedly reduced. Compared with the 
high thjTnic activity the other lymphoid organs possess only a 
slight IjTOphocytojjoietic function. 

We wish to express our sincere thanlcs to Professor G. Hevesy 
and Professor A. Keogh for kindly putting numerous facilities at 

our disposal. 
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in the Lumhar Part of the Spinal Cord. 

By 
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In. an earlier investigation (B. Keogh 1945) of the effect of 
acute ischemia on the cells of the anterior horn in the lumbar 
gray matter in the rabbit the following observation was made. 
The cells in the circumference of the horn appeared to be more 
resistant towards ischemia than the central ones. A somewhat 
similar observation was described by EI^’ARSON and Eingsted 
(1938). They found that normally the cells in the periphery of the 
anterior horn are more resistant against long continued lack of 
E vitamin than the cells near the center. Einarson and Eingsted 
were of opinion that this was due to a special innate power of 
resistance in the cells. Einarson -writes (p. 72) quoting Bok (1928) 
that cells innervating extensor and supinator muscles are preferen- 
tially situated in the perifery of the anterior horn while cells 
innervating adductor and flexor muscles are centrally situated. 
Eiharson thinks that cells innervating “anti-gra-vity muscles” 
possibly possess a special power of resistance. 

Experimental. Anoxaemia in the Lumbar Part 
of the Spinal Cord. 

My experiments completely confirm the superior power of 
resistance of the periferal cells as compared with the central. It 
is a practically constant observation in almost all animals experi- 
mented upon that the cells in the center of the anterior horn 
degenerate much more rapidly than those in the circumference. 

^ Supported by a grant from The King Christian X Fonndatioii. 
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The experiments arc made as follows: Anoxaemia of the Jower part 
of the’ Spinal medulla in rabbits is produced by means of a Haggq\Hst 
clamp (described by Rexed 1940). I have modified tliis clamp by ar- 
ranging a rubber bulb in a linen bag on the arm wliich presses the aorta 
against the central face of the spinal column (fig. 1). The rubber bulb 
is connected with a manometer. WJien air is blown in, the bulb can 
expand only to a certain point determined by the size of the bag be- 
fore the pressure begins to rise. In the original Haggqvist model 
the arm pressing against the aorta is provided only with a metal plate 
and I could not always be certain to obtain occlusion of the Vessel. 



The following procedure is adopted: The rabbit is narcotized with 
ether and stretched on a board, belly downwards. The clamp is placed 
immediately behind the 12th rib, the arm with the rubber bulb against 
the ventral face of the spinal column. The clamp is slowly screwed 
down, the viscera being moved away with a finger. Towards the close 
the aorta is palpated distally to the clamp and when the pulse is de- 
finitely weakened the rubber bulb is blown up to a pressure of 300 mm 
Hg which finally abolishes the pulse. 

Before the introduction of the rubber bulb the occlusion was less 
certain and lesions of the abdominal organs were occasionally observed. 

In these experiments it was a constant find that after an oc- 
clusion of 10 — 30 minutes the nerve cells in the central part of 
the anterior horn were definitely more damaged than those in 
the circumference (fig. 2). The figure shows the left anterior 
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liorn from tke sixth lumbar segment. A number of well preserved 
uei%e cells aie seen in the circumference while all nerve cells have 
disappeared from the center. Tlie cells in the right hand lower 
corner are swollen and are no doubt in a state of pathologic 
activity as described by the author in a paper (E. Keogh 1946). 
Compare fig. 3 sho\s'ing the same segment from a normal rabbit. 



Fig. 2. anterior horn, lumbar segment 6. Aorta occluded 20 min., animal 

killed ‘IS hunrs later: well-preserved ncrvccclis at the periphery of anterior horn; 
ncrvecells in pathological activity in right lower horn. 

Fig. 4 shows the anterior horn from the sixth lumbar segment 
occluded 1 hour and hilled 48 hours later. All nerve cells have 
disappeared with the exception of some degenerated remnants 
above and to the left. The glia cells however have proliferated 
near the edge of the horn while the center shows degeneration also 
of the gliu and all other tissue elements. Not only the nerve cells, 
but also the glia cells show greater resistance against anoxaemia 
in the circumference of the anterior horn than in the center. 

These pictures do not represent unique finds from my material 
of .50 rabbits, but are typical for all cases in wliich the duration 
of occlusion and time of survival were suitable. 

18 — fi325^i6. Acta phys. Scandinav. Vol.10. 
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Fig. 3. Normal right anterior horn, Ininbnr segment fi. 



Fig. 4. Right anterior horn, lumbar segment 6. Aorta occluded 1 hour, animal 
killed 48 hours later. Nertecells disappeared, a fetr severely changed remnants 
left; proliferation of glia at the periphery of the anterior horn and degeneration 
of glia and other tissue elements in the center. 
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to 

I am of opinion tliereforc that it is safe to conclude that the 
different power of resistance is due to some difference in the 
blood supply since there is no reason to believe that the glia 

(astrocjdes, oligodendro- 
and microglia) in the 
peripher}’- should have 
as cells a liigher power 
of resistance than the 
quite similar cells in the 
center. 

As regards wliich mus- 
cles are first paralysed it 
was interesting to observe 
that in many rabbits the 
adductors and flexors 
were the least resistant. 
Fig. 5 shows a rabbit 
wdth paralysis of the 
adductor muscles. 

Fig. G .shows a rabbit with rigidity of the extensors and the 
muscles on the dorsal face of the crus (the anti-gravity muscles). 
Flexons and adductors in this rabbit were completely paralysed. 
Tlic histological picture of 





rig. 


EaLLJt with paralysis oi atldnctor- 
mnsfJes. 





4 ^ 






the anterior liorn in this 
rabbit was just as presented 
above; Central nerve cells 
degenerated, peripheral pre- 
.served. The peripheral cells 
c.vhibitcd the condition of 
the pathological activity also 
shown in fig. 2. 

To make out the exact 
localization of the fields of 
innervation for the different 
groups of muscle.s it will be 

ncce.ssary to do experiments Babbit ■with rigidity of antigravity 

according to the principles mnscies. 

of chromatolysis (transscction 

of axons) and this will be the prerequisite to settle the theory 
concerning a special power of resistance (due to the blood suppl} ) 
in the anti-gravity muscles. 
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All Investigfttion of tlio Yascularization. 

Ill order to study the spccinl conditions of the hlood supply I first 
attempted like Tureen (1936) to inject 2 cm® of a i % solution of 
neutral red into the car vein of a rabbit having the abdominal aorta 
occluded as in the experiments. TJic animals were killed after 30 min., 
the medulla exposed and illuminated with ultraviolet light. This 
causes the tissue containing neutral red to light up. The experiments 
did not show the presence of any neutral red below the 3rJ lumbar 
segment. I have also tried to examine frozen sections from tlic medulla 
by means of the lumincscensc-microscope but found no trace of neutral 
red below the 3rd lumbar segment. 

Next I injected colloidal graphite (after Drinker and Churchill 
1927) into the ear vein of a rabbit having the aorta occluded as usual. 
The circulation remains normal for 5 min. only, wlicn the graphite 
agglutinates and the animal dies. In this case single grains of graphite 
could be found even in the sacral medulla, showing that some sliglit 
circulation must be maintained during the occlusion. This graphite 
experiment is too unphysiological and it became desirable to find a 
harmless substance which could be easily recognized. Such substances 
arc now available in the isotopes of common elements. Before I could 
obtain these I tried the dye T 182-1 wliich is related tn tryj)an blue. 
It is non toxic and is used for determination of blood volume in men. 
It stays in the circulation for quite a long time. It turned out to be 
impossible to fix the dye in the tissues and only a very rough estimate 
of the degree of anoxaemia could be obtained. The next step was to 
utilize radio-sodium (®*Na). Such strong preparations could be obtained 
by courtesy of the Institute for Theoretical PJiysics (Prof. N. Bohr) 
that the substance could be recognized in a dilution of 1 to 450 millions. 

The experiments are made as follows; The animal is narcotized, 
the aorta occluded, the radio Na injected into an ear vein as chloride 
in isotonic solution coloured with T 1824 . After a period, varied in the 
different experiments between 5 and 30 min., the animal is killed by 
decapitation, the thorax opened and only when the heart has stopped 
beating is the clamp removed. 

The medulla is removed. By means of the T 1824 coloration the 
ischaemic zone is roughly ascertained and the medulla is cut up into 
3 pieces, one with normal circulation, one representing the transition 
zone and finally the ischaemic zone proper. These pieces are placed 
on 3 separate freezing tables in a Petri dish and frozen by means of 
dry ice in a Dewar vessel. The freezing table is a circular brass plate 
of 9 cm diameter on to which is soldered near the edge a piece of brass 
tubing 35 mm in diameter and 13 mm high. 

When a piece is frozen the freezing table is placed on the desk. It is 
now possible to regulate the temperature as required by means of a 
mixture of alcohol and dry ice in the short piece of tubing. The pieces 
of medulla are kept just lightly frozen. Slices of about 2 mm are cut, 
and from these samples are pricked out by* means of a cannula ground 
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to a fine edge as a cork borer. Tie largest cannula employed had an 
iutenial diameter of 0. 6 mm. By means of these cannulas it is possible 
to secure samples exactly localized in the grey or ■white matter. 

The samples are distributed into the special aluminium dishes used 
in the Geiger-Mullcr counter. The sample is emulsified with a little 
distilled water, dried in an oven and weighed to O.oi mg when it forms 
a very thin film covering the bottom of the dish. It is important to have 
nearly the same amount of tissue in each dish as the radiation is to 
some e.xtcnt absorbed by passage through the film. The activity of 
each sample is finally determined and corrected as described (Levi 
19-il, Holm-Jeksek 19f3) so that the different preparations can be 
directly compared. 

*An e.xperiment without occlusion showed the relation between 
the activities of the grey matter in the anterior horns 

acti\*ity in lumbar part 105 
activity in cervical part 100* 

AVlmt is measured is really the relative quantity of blood iir 
the grey substance. Professors Krogh and Hbvesy informed 
me that the blood vessels in the central nerv’^ous system are so 
sligthly permeable that the Na ions need 60 hours to come into 
equilibrium with the water phase outside the vessels: These ves- 
sels arc highly permeable only for water and fat soluble substances 
including oxygen. 

The accuracy of the determinations does not exceed 5 per cent, 
so that the above result cannot indicate any difference in vas- 
cularization between the cervical and lumbar medulla. 

In the following the acti\dty obtained from the cervdeal an- 
terior horn, where the circulation is normal, is put at 100. 

In the second e.xperimcnt in which the abdominal aorta was 
occluded a.s usual and the animal killed 5 min. after the injection 
of **Na relative activnty in the lumbar anterior horn was found 
== 7 . 2 . 

In a third quite similar experiment the actmty about the middle 
of the lumbar medulla was 16 and in the lower lumbar sacral 
medulla 7.2, 

In a 4tli experiment in which the animal lived imder occlusion 
for 30 min. after the injection I found the activity in the upper 
lumbar medulla = 63 and in the lower 15. 

A similar experiment (No. 5) was made on a dog. In this case 
the occlusion was performed after Tureen (1936). Under nar- 
cosis and artificial respiration, the thorax was opened on the left 



278 


ERIK KROGH. 


side and the aorta clamped directly at the 3rd thoracal segment. 
‘^Na was injected and the animal killed alter 15 min. The rela- 
tive actmty in the lumbar medulla was 35. 

From these experiments it can be deduced: In the brief exper- 
imental period of 5 min. practically no exchange of Na ions 
takes place between the blood and the e.xtracellular fluid in the 
medulla. What we measure is therefore the admixture of blood 
from above the occlusion to that below. When the blood is com- 
pletely mixed the acti\nties in the lumbar and cervical parts 
must become identical, when the blood volumes present are the 
same. 

E-xjj. 1 without occlusion shows this to be the case. Exp. 2 
and 3 show that only about 7 % oxygenated blood reached the 
lower part of the lumbar medulla but IG % the middle part in 
5 minutes. 

In exp. 4 of 30 min. duration a definite admixture of oxygen- 
ated blood has taken place \iz. 15 % lower lumbar me- 

dulla and about 50 % in the middle and the experiment with the 
dog shows admixture of 35 % after 15 minutes in spite of the 
high occlusion. 

The ob^^ous conclusion is that an extremely slow circulation 
takes place in the occluded part requiring an hour or nmre for 
complete exchange of the blood in the capillaries, formally this 
exchange takes place in much less than 1 minute. 

The Course of the Vessels in the Anterior Horn 
of the Medulla. 

I have tried to elucidate the problems by means of injection prepa- 
rations. The injections were made in the main on rabbits, but also on 
a monkey (Macacus rhesus) Avith India ink-gelatine as follows: The 
main carotid is exposed on one side and the jugular vein on the oppo- 
site. A glass cannula is introduced in the carotid directed towards the 
heart and the peripheric part ligated. The exposed jugular vein is 
opened. The system is first washed out with warm Ringer saturated 
with ox}’’gen until the fluid runs out unstained -with blood from the 
jugular and then the gelatine is injected and the injection continued 
until the stained gelatine comes out only slightly diluted from the in- 
ternal jugular. In this way it is attained that the veins are most com- 
pletely filled with India ink close to the capillaries and less in their 
central parts which makes it easier to distinguish between veins and 
arteries in a preparation cleared to transparency; as it is necessary 
only to observe a vessel over a certain distance to make out its character 
of artery or vein. 
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After the injection the medulla is removed and fixed and slices of 
about 1 mm thickness are cleared according to Aurell (1942). The 
principle of this method is to determine the refraction index by clear- 
ing the fixed tissue, after careful dehydrating, in solutions of methyl 
salicylate and benzyl benzoate in varied proportions and corresponding 
varied refraction. The tissue shows the same refraction as the solu- 
tion giving the most perfect clearing. By these experiments it was. 
found that the medullar tissue was best cleared in a solution with a 
refraction index of l.sss. The myelin, however, could not be cleared 
by the method of Aurell -- as he mentions himself in his paper — 
but I succeeded in dissolving out the myelin completely from my pre- 
parations by fixing in Carnoy’s solution (1 part glacial acetic acid, 
3 parts chloroform and 6 parts alcohol) and later treating the pieces 
with absolute alcohol, dioxane and chloroform. 

Applying this clearing technique it became possible to follow 
the course of the blood vessels in slices of the medulla of 1 mm 
thicknc.s.s. It turned out that there was no difference in the den- 
.sity of the capillary network in the central and peripheral parts 
of the anterior horn respectively. The liigh power of resistance 
of the colls in the peripher}’ does not therefore depend upon a 
more abundant vascularization. 

It was found on the other hand that the arteries, even those 
pos-sing through the center of the anterior horn, split up into 
capillaries mainly near the circumference while the veins are 
formed mainly at the center. The cells in the periphe.Ty arc there- 
fore ou the whole situated near the arterial ends of capillaries 
and the central cells near the venous ends. 

It is difficult to dcmon.stratc this by microphotography on 
account of the small deptli of focus of the stereo microscope at 
the magnification necessary. Only by direct observation and 
continuous change of focus does it become possible to follow tbe 
course of the vessels in tbe thick slices. 

After some practice it becomes easy to distinguish between 
arteries and veins in the cleared preparations as mentioned by 
Pfeifer (1928) and by Campbell (1938). According to Camp- 
bell the arteries are characterized by a straight course, their 
wails are smooth, the lumen definitely circular and they give off 
branches chieflv by dichotomic ramification with, branches of 
nearly the same calibre. The veins show a more irregular course 
and cros.s section and are made up by affluents of irregular dis- 
tribution and greatly varied thickness. 

My studies fully confirm these statements ' and by the injec- 
tion technique employed by me it becomes even easier to diotin- 
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guisli between arteries and veins when the vessels are followed 
for some distance. 

The result of the examination of cleared preparations is there- 
fore that the cells in the periphery of the anterior horn are in 
the main close to the arterial ends of the capillaries, while the 
central cells lie close to the venous ends. 

By the very slow circulation produced by the occlusion the 
peripheral cells will have an opportunity to use ^ip most or all 
of the oxygen available, and this is the reason why they better 
resist the lack of oxygen. 

It is probable th.at for the same reason these same cells better 
resist a lack of E-vitamin than the central ones (Einabsok and 
Bingsteii). Differences in concentration of the vitamin between 
the arterial and venous ends of capillarie.s are possible even with 
the normal rapid circulation, because the E vitamin, like other 
fat soluble substances, diffuses very rapidly through the capillary 
walls in the central nervous system. (A. Krogh 1945 in press.) 
The same argument will hold also for the A vitamin and probably 
explain the observation referred to by E. I\Ikelanby. 


Summary. 

The paper deals with the special vascularization studied in the 
anterior horn of the medulla, mainly in rabbits. 

In the first part it is shown that the cells in the periphery of 
the anterior horns are more resistant towards lack of oxygen 
produced by occlusion of the abdominal aorta than the central 
cells. Since this is true both for nerve cells and, after prolonged 
occlusion, also for glia cells the difference must be due to a differ- 
ence in the blood supply. 

In the second part of the paper it is shown by means of radio 
sodium that a very slow circulation takes place in the anoxaemic 
part of the medulla during occlusion. The exchange of blood in 
the capillaries normally requiring less than a minute now takes 
an hour or more. 

In the third part of the paper it is shown by means of injection 
preparations that there is no difference in the density of the 
capillary network between the center and the periphery, but 
that the arteries split up into capillaries mainly at the peripher}’ 
while the veins are formed mainly near the center. 
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The tissue best resisting the occlusion lies therefore close to 
the arterial ends of capillaries and the least resistant close to the 
venous ends, and with the extremely slow flow during occlusion 
the peripheral cells can appropriate most or all of the available 
oxygen. 

The placement of a cell relative to the course of a capillarv 
from the artery to the vein is essential for its oxygen supply when 
the circulation is much reduced by occlusion. 

The experiments of Einarson and Kingsted on long standing 
lack of E vitamin in rats point to the conclusion that this relation 
may also be significant for raj)idly diffusing substances of very 
low concentration at normal rates of circulation, since it is shown 
that the peripheral cells in the anterior horns of the medulla 
innervating extensors and supinators (anti-graidty muscles) better 
resist an almost complete lack of E vitamin than the cells in 
the central part (adductor and flexor muscles). 
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Introduction. 

I. In the course of the last few years increasing interest has 
been taken in the function of the plasma cells, as it has been 
shown to be probable that those cells play some part in the for- 
mation of pathological serum-globulin, Bence-Jones' albumose, 
amyloid and presumably also — at any rate iir part — , the nor- 
mal serum-globuline. 

Proceeding from myeloma studies, Magnus Lew 1932 and 
Hecht Johansen 1934 considered that the formation of globu- 
lin proceeded from the bone-marrow cells, but they failed to find 
any special type of cell that could be regarded as a globulin pro- 
ducer. In 1937, however, Bing and Plum showed that a feature 
common to those diseases which entail a marked h}’perglobu- 
linemia was an increase in the plasma cells and other reticulo- 
endothelial cells within and outside the bone-marrow, wliich is 
an indication that the formation of globulin proceeds precisely 
in those cells. This supposition has since been confirmed by a 
number of other authors on the basis of larger material. It was 
shown that the same relation between hyperglobulinemia and 
plasma cells as well as other reticulo-endothelial cells was found 
in animals (pigs, horses, cows, rabbits) with a spontaneous or 
experimentally induced hyperglobulinemia (Bing and Christen- 
sen 1944). It has likewise been shown that an isolated increase 
of globuhn in the spinal fluid (Bing and Neel 1942) occurs 
only in those diseases where there is an accumulation of plasma 
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cells in the central nervous system and its membranes, and that 
in nasal pol^s (Andersen and Bing 1944), rich in plasma cells, 
more globulin may be found than in the same patient's serum! 
Finally, it may be mentioned that, after intracutaneous injection 
of antigen at the time of the local antibody formation, an accu- 
mulation of plasma cells and other reticulo-endothelial elements 
in the skin can be observed. The relation between antibody 
globulin and plasma cells has been specially studied by Bjorne- 
BOE and Gormsen 1941, who have shown that in rabbits treated 
with polyvalent pneumococcal vaccine — in addition to hyper- 
globulinemia — a marked increase in the number of plasma cells 
also occurs. 

II. On the basis of a large material, Caspersson and coworkers 
have shown that, in the Sletazoa cell, a new formation of protein 
in general proceeds in the presence of nucleic acids. Broadly 
speaking, we can distinguish two protein-formation processes, one 
for the new formation of gene protein during mitosis, and one 
for the new formation of cytoplasmic protein. The new forma- 
tion of gene protein is effected by ribodesose nucleotides, which 
during the prophase accumulate on the chromosome elements, 
whereas the new formation of c}’toplasmic protein is promoted 
by ribose nucleotides. The mechanism that regulates the new 
formation of cytoplasmic protein includes certain cell organelles, 
such as the chromocentre, the nucleolar apparatus and the 
nuclear membrane. From the stage of development of these orga- 
nelles, especially the amount and composition of the nucleolar 
material and the cytoplasmic content of ribose polynucleotides 
formed from the nuclear membrane, the functional state of the 
cytoplasmic-protein-formation system in individual cells can be 
determined. This has been shown to apply also to cells where 
the newly formed protein will not be utilized by the cell body 
itself, but be given off to the environment, as, occurs, for example, 
in serous glands in their production of protein-containing secretions. 

A study of the cells in the blood-forming organs in man and 
certain mammals (Thorbll 1944, 1945) has shown that also these 
special tj^es of cells, during their new formation of proteins in 
the growth phase, have a similar cytochemical organization as 
that of cell types previously investigated by Caspersson and 
coworkers, for example embryonal cells (Caspersson and Thorell 
1941). Thus, on analysis with .spectrographic and micro-chemical 
methods, a comparatively large nucleolar mass, containing ribose 
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polynucleotides, could be sliown in the liemocytoblast, and in 
the cytoplasm high concentrations of ribose nucleotides. During 
the differentiation towards maturer forms, the concentration of 
nucleotides in these cells falls to nil, parallel with a gradual 
cessation of the growth of the indi%ddual cell (for details, see 
Thorbll 1944). 

A closer study of the cytology of the nucleolus indicated that 
the nucleolar mass during the intcrphasc is formed by a special 
part of the nucleus, containing ribodesosc nucleotides and termed 
the nucleolus-associated chromatin. The quantitative changes 
proceeding, during maturation, in the protein-forming mechanism 
were attributed to a diminution of activity in the nucleolus-as- 
sociated chromatin. The formation of ribose pohmucleotides 
seems to proceed in the centre of the nucleolus-associated chroma- 
tin, whence, aecording as a nucleolus containing ribose nucleo- 
tides is developed, the nucleolus-associated chromatin will form 
a thin outer layer surrounding the nucleolus. (The stage of devel- 
opment of the nucleolus can thus be determined from the pic- 
ture of the miclcolus-associatcd chromatin, as shown on a pre- 
paration stained in accordance Avith the Fculgen nucleal test.) 
During the maturation of the blood cell, the activity of the 
nucleolus-associated chromatin diminishes, so that in tlic mature 
nucleus-containing cell no nucleolus rich in ribose j)olynuc]eo- 
tides develops: instead, the nucleolus-associated chromatin can 
be distinguished in the nucleus as a chromocentre, consisting 
solely of ribodesose polynucleotides. 

With similar c}d;ochemical methods as those mentioned above, 
myeloma cells Avere examined by Tuobell and Wising 1944, 
in order to ascertain Avhether the hypcrglobulinemia frequently 
occurring in cases of myeloma might be due to a production of 
protein from the myeloma cell itself. They found that the mye- 
loma cell in general possesses the characteristics of a cell the 
function of which subserves an intense neAV formation of pro- 
teins, i. e. it has a large nucleolus, containing ribose polynucleo- 
tides. The myeloma cell was thus found to be of a similar cyto- 
chemical type as the groAving blood stem-cell or the protein-secret- 
ing gland cell. 

The above-mentioned studies afford facilities for cytochemic- 
ally tackling the question as to the possible production of pro- 
tein by the plasma cells. The primary object of the present in- 
vestigation Avas thus to endeavour to ascertain whether plasma 
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■cells in general possess the cytochemical organization which, ac- 
cording to Casperssom and coworkers, proniotes a production of 
protein cj-toplasmic protein during the groirth of the cell or as 
a production of protein-containing secretion. 

In the present study, living plasma cells from rabbits with 
experimentally induced hyperglobulinemia were examined with 
ultra\dolet microscopy, in order roughly to determine the distri- 
bution of nucleotides in the cell; with the Feulgen nucleal reac- 
tion for the qualitative distinction between ribose and ribodes- 
ose nucleotides; and by staining with acid and basic dyes, the 
latter with special regard to the development of the nucleolus. 


Material. 

An increase in the plasma cells and hyperglobulinemia was induced 
in rabbits in the following way. 

a) Rabbits, weighing about 2 kg, were immunized with polyv^alent 
pneumococcal vaccine. Tlie method elaborated by Bjorneboe and 
Gormsek 1911 was adopted: after a few minor initial doses, 4 ml of a 
vaccine with a density of 10® bacteria per ml were given three times 
a week. After 2 — 3 months the serum proteins and the pneumococcal 
antibody titre were determined, whereupon biopsy of the spleen was 
performed. For the values, see Table I. 

Table 1. 


liabhits immunized with pneumococcal-vaccine. 


i 

; Rabbit 

Titor against pneumococcal 
types 



Serum proteins 

■ 

: I^:o 

• 

I 1 

J 

2 

4 

in 

8 

12 

14 

Total 

protein 

Globu- 

lin 

Albu- 

min 

rel. 

Alb% 

i 1 

i 

040,' 

160 

320 

640' 

040 

40 

0 

6.74 

3.02 

3,72 

55 

1 2 

320; 

loo; 

040 

640, 

640 

160 

40 

7.37 

3.60 

3.77 

51 

3 

040 

320' 

320 

640, 

1,280 

320 

80 

7.1G 

3.44 

3.72 

52 

4 

640 

320; 

320 

320: 

1,280 

320 

80 

8.13 

4.05 

4.08 

50 

5 

320 

320i 

320 

320' 

640 

80 

0 

6,80 

3.11 

3.69 

54 

: 6 

1,280; 

320! 

320 

320, 

640 

160 

0 

7.47 

3.13 

4.34 

68 

: 7 

1.280: 

1601 

040 

320' 

320 

320 

0 

7.57 

3.39 

4.18 

55 ‘ 

: 9 

1.2801 

160 

640 

640; 

640 

320 

0 

7.53 

4,33 

3.20 

43 

10 

320l 

640' 

640 

320, 

1.280 

80 

160, 

7.13 

3.72 

3.41 

48 

i 11 

1,280 

32o; 

640 

640 

640 

320 

0, 

7.38 

4.27 

3.11 

42 

12 

2aC0| 

320 

640 

640; 

1,280 

80 

40* 

7.38 

4.56 

2.82 

38 


b) In other cases, plasma cells and hyperglobulinemia were studied 
in serum disease in rabbits, induced by the injection of horse serum 
(the method indicated by Fleischer and Jones 1932), First, a massive 
dose (20 — 30 ml) was given, and afterwards smaller doses (10 — 15 nd) 
in tbe course of two succeeding days. See Table 2. 
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Babbits immunized with horse serum- 


Rabbit N:o 

Weiglit 

Injected amount 
liorse serum 

Days after 
l:st inj. 

im 

269 

1 2.300 

20 ml X l:Bt day 

7 

1/800 i 

283 

1 2.2C0 

10 ml X list day 

8 

l,/500 i 

273 

! 2,400 

30 ml X l:8t day 
15 ml X 2:nd day 

9 

1/3,200 

274 

1 2,100 

ns 273 

11 

1/0,400 

275 

i 2,600 

a.s 273 

15 

1/12,800 


With a view to obtaining differences between" normally functioning 
plasma cells as compared with cells which might be presumed to be 
engaged in an intense new formation of antibodies, rabbits were sy- 
ringed with a certain dose of horse scrum, whereupon they were killed 
at intervals of a few days and the plasma cells were examined (mainly 
from the milt). The first rabbits thus represented the incubation stage, 
the following ones the phase of rapid increase in antibodies, and the 
last ones the constant titre level. (Table 2.) 


The nucleotide distribution in the plasma cell. 

In order roughly to examine the distribution of nucleotides in the 
individual plasma cell, microphotographs were taken of living plasma 
cells immersed in a physiological .saline solution, in monochromatic 
ultraviolet light of the wave-length 2570 A, thus very near the ab- 
sorption maximum of the nucleic acids (see Casbebsson 1936). As 
the nucleotides, relatively to other substances occurring in biological 
material, dominate the light absorption at this wave-length, the parts 
especially rich in these substances appear brought out on a microphoto- 
graph as dark areas (see loc.cit.). 

For a qualitative distinction between ribodesose and ribose nucleo- 
tides in the cell, the Feulgen nucleal reaction was adopted. It was per- 
formed on fixed smear preparations of plasma cells. After acid hydro- 
lysis and lipoid extraction, the plasma cells were treated with para- 
fuchsin sulphuric acid, which with the free ribodesose-aldehyde group 
assumes a red colour. As other substances with a true aldehyde group 
after acid hydrolysis and lipoid extraction are rarely found in biological 
material, the Feulgen reaction may be regarded as specific for ribo- 
desose polynucleotides (see Feulgen and Rossenbeck 1924). 

On investigation with the above-mentioned methods, the fol- 
lowing results were obtained (fig. 1 and 2). 

The nucleus of the plasma cells, besides minor, ultra\’iolet-ab- 
sorbing chromatin grains, contained also a few large, intensely 
absorbing nuclear bodies. 
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Fig. 1. Ultraviolet picture of an unmaturated plasma cell (a-cell, see text). Wave- 
length 2,573 A. Objective aperture 1.25. Condenser aperture 0.9. Magnification 
4000 X. Plate: Agfa Platten B. Development: alkaline hydroquinon 5 minutes. 


The cytoplasm was found to contain an abundance of ultra- 
^^olet absorbing substances. Close to the nuclear membrane, 
especially at the part lying nearest the centre of the cell, there 
was a more or less marked crescent-shaped area, almost entirely 
free from light absorption. The other, larger part of the cyto- 
plasm showed an intense absorption at 2570 A, log — log 
photographically measured as 0.5 corresponding to a considerable 
nucleotide concentration (Table 3). 

It was found possible, with a photographic technique described 


^ The curves vere obtained in the following way: The cell object was illuminated 
with monochromatic ultraviolet light, coming from a spark. Por details of arrange- 
ment, see Kohler 1932. The monochromatic radiation adopted was: 3100, 2930, 
2800, 2750, 2570, 2510, 2440 and 2395 Angstrom units. Diffuse light was filtered 
off by Clj and a solution of N'iS 04 and CoSO,. The object was photographed under 
strictly constant illumination conditions. Objective aperture 0.85 and condenser 
aperture 0,6. A rotating sector, divided into 16 steps was photographed at the 
same time. Time of development 3 minutes. A self-registering photometer was 
used in measuring the density. From the density values of the sector and_ the 
cellular detail, the light absorption of the cellular detail was determined 
graphically. 
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Fig. 2. 


Ultraviolet picture of mature plasma cells (b-cells) Magnification 4000 X. 
For other data, sec Fig. 1. 



by Thorell 1945S to take complete absorption spectra of the 
cytoplasm in living plasma cells, witliin the wave-length range 
in question, 3100 A — 2400 A. After correction for light diffrac- 


Tnble 3. 

Extinction coefficients at 2570 A of the cytoplasm in a~and b-iypes of 
plasma cells. Each value corresponds to the cytoplas7nic absorption in 
a single cell. For the method used, see Thorell 


Typo n Type l> 


0.43 

0.42 

0.44 

0.41 

0.45 

0.4 2 

0.45 

0.48 

0.44 

0.52 

0.49 

0.50 

0.36 

0.40 

0.62 

0.56 

0.60 

0.53 

0.50 

0.38 

0. C 3 

0.48 

0,49 

0.58 

0.62 

0.52 

0.45 

0.52 

0.49 

0.47 

0.44 

0.50 

0.54 

0.52 

0.53 

0.57 

0.52 

0.45 

0.47 

0.39 

0.51 

0.36 

0.46 

0.58 

0.4 2 

0.57 

0.39 

0.40 

0.59 

0.39 

0.38 

0.63 

0.55 

0.56 

0.53 

0.38 

0.38 

0.58 

0.45 

0.40 

0. G 3 

0.62 

0.61 

0.64 

0.50 

0.58 

0.62 

0.60 

0.49 

0.4 0 

0.52 

0.40 

0.38 

0.36 

0.47 

0.50 

0.58 

0.54 

0.57 

0.49 

0.62 

0.52 

0.50 

0.56 

0.58 

0.44 

0.57 

0.60 

0.47 

0.51 

0.64 

0.52 

0.37 

0.53 

0.48 

0.63 

0 72 

0.46 

0.49 

0.63 

0.42 

0.57 




0.42 

0.41 

0.45 

0.44 

0.54 

Mean value 

= 0.51 

-4- 0.01 

2 

0.46 

0.54 

0.59 

0.66 

0.53 


a 

= 0.083 


0.60 

0.72 

0.4 S 

0.02 

0.42 






0.46 

0.41 

0.39 

0.36 



Mean value = 0.50 i 0.010 
(T = 0.0 S 7 
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tion and reflexion, sucli a liglit absorption curve shows a maxi- 
mum at 2600 A (fig. 3), which imder certain conditions can be 
looked upon as specific for the pyrimidin groups contained in 
the nucleic acids (see op. cit. 1936). 

After the performance of the Peulgen reaction, only the “chro- 
matin” assumed colour (fig. 4 and 5). The intensely absorbing 
cytoplasm at 2570 A gave an^ 
entirely negative result, indicat- ^ 
ing that the light-absorbing sub- 
stances consisted of ribosepoly- 
nucleotides. 

The large, intensely absorbing 
nuclear bodies appeared on the 
B’eulgen-stained preparation as 
jPeulgen positive “ring forma- 
tions”, limiting an entirely co- 
lourless, central part of varying 
size. In the plasma cells, which, 
for several reasons (see below) 
were presumed to be yotmg, a 
large Feulgen-negative nucleolus, 
surrounded by a regular, nucleal- 
positive outer layer, was observ- 
ed. In many of the typically 
mature plasma cells, on the other 
hand, one could merely distin- 
guish a central clearing in the 
otherwise completely !Feulgen- 
positive nuclear body. 

Summing we obtain the following picture of the essential 
cytochemical organization of the plasma cell in general: 

The cytoplasms, except at a small area nearest the nuclear 
membrane, contains considerable concentrations of ribose poly- 
nucleotides. 

In the nucleus there are one or more largish accumulations of 
chromatin containing ribodesose nucleotides, which, like the 
nucleolus-associated chromatin in young blood-cells in the aerlier 
stages of growth, has developed a centrally situated nucleolar 
mass, containing ribose-polynucleotides. The amount of this nuc- 
leolar substance varies considerably, but we caimot, as we find in 
the mature leucocyte, observe plasma cells with a completely 

19 — i52546. Ada pJivs. Scandinav, Veil. 10. 


fWO isoo 3000 ^ 

Fig. 3. Ultraviolet absorption spectra 
of the cytoplasm in a mature plasma 
cell. In the curve appears the nucleic- 
acid band at 2,600 A. For measurement 
data, see text. 
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inactive lieterocliromatic area, containing ribodesose nucleotides, 
in the nucleus. 

As mentioned above in. the description o£ the picture of the 
nucleolus-associated chromatin, a further result of the investiga- 
tion was that a classification of plasma cells could be made on the 
basis of certain quantitative c}d;ochemical and cytological data. 
This was shoAvn very distinctly during the successive examination 
of plasma cells after the injection of horse scrum into rabbits. 


Fcnlgen-vcgntire 

nacleolns 


Nnclcolns-associatcd 

chromatin 


Fig, 4, Fculgen-stained a-ccU. Obscr\'o tho layer of disrupted 
nucleolus-associated chromatin. 

The two extreme tjqoes of plasma cells may be described as 
follows: 

a) (Tig. 1 and 4). Cells with a high nucleus-plasma relation 
and a well-developed nucleolar-mass, the nucleolus-associated chro- 
matin in the Teulgen-stained prej)aration being observable as a 
thin, nucleal-positive outer layer, surrounding the nucleolus. 

b) (Fig. 2 and 5). Cells with a relatively low nucleus-plasma 
relation and an excentrically situated nucleus, containing ribo- 
desose-nucleotide chrorriatin, caked together. The ribose-poly- 
nucleotide nucleoli were quite small, being observable on the 
Feulgen preparation merely as central clearings in the Feulgen- 
positive nucleolus-associated cluromatin. 

Estimated on the basis of the light absorption at 2570 A, both 
types of cells, broadly speaking, had the same high concentration 
of ribbse 'polynucleotides in the cytoplasm. (Table 3). 

Cell type a) was most frequent during the incubation stage 
(Table 4), that is, during the period when the most intensive 
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Fig. 5. Fcalgen-stamed b-cclls. The Feulgen-negative nucleolus is very small 
and surrounded by a thick' layer of nucleolus-associated chromatin. 

new formation of plasma cells was taking place. Cell tt'pe b) 
predominated during the high antibody titre period (Table 4). 

Cell t}T)e h) entirely corresponded to the normal type of mature 
plasma cell. hTo cytochemical or cytological difference between 
plasma cells from normal rabbits and plasma cells from rabbits with 
a high antibody titre could be observed. Only the number was 
larger in the latter case. 

Table 4. 

Frequency of a-and b-iypes of plasma cells during immunization. 





Timo 
after l:st 

Titre or 
amounts of 



Number 

Rabbit 

N:o 

Antigen 

Dose 

Typo 

Type 

b 

of 

counted 


5 

injection 

globuline 



cells. 

283... 

Iiorse serum 

16.0 

8 days 

l/oOO 

20.1 

1,1 

452 

273... 

» » 

(30x1 

116x2 

9 » 

1/3,200 

24.1 

4.5 

331 

274. . . 

9 ft 

as 273 

11 » 

1/6,400 

25.4 

7.7 

639 

275. . . 

ft ft 

as 273 

22 » 

1/12,800 

lO.C 

22.0 

622 

B. 9.. 

pneumococcal 
vaccin,7 types 


3 months 

4,33 % 

12.7 

28.5 

25,0 

544 

609 

B. 11. 

l);o 


3 » 

4.27- % 

11.2 

B. 12. 

D;o 


3 » 

4,50 % 

9.35 

20,5 

534 


mmleolna 
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Concluding siiryey. 

This study has firstly confirmed Bjorneboe’s and Gormsen’s 
finding that, concurrently -witli a formation of antibodies, after 
immunization with poljwalent pneumococcal vaccine, a marked 
increase in the number of plasma cells is obtained. 

Secondly, an increase in plasma cells was observed after the 
injection of horse serum into rabbits. 

Parallel with the antibody titre, an increase of the globulin 
fraction in the serum was foimd. 

The main problem was to endeavour to ascertain whether there 
might be any direct connection between the plasma cells and the 
large amounts of globulin, or, in other words, whether the plasma 
cells act as producers of globulin. 

The investigation was based on the observations hitherto made, 
chiefly by Caspersson and his associates, in regard to the endo- 
cellular nucleotide metabolism in the new formation of protein 
(see the Introduction, section II). Those observations have in 
fact afforded facilities for estimating the intensity of the protein- 
formation in the indi\ndual cell by a qualitative and quantitative 
determination of the nucleotide distribution in that cell. 

According to the results of the analysis, the cjdochemical orga- 
rdzation of the plasma in general indicated a production of pro- 
tein in those cells. But, on the basis of the observations hitherto 
made, it is not possible to determine from the cytochcmical pic- 
ture of the individual plasma cell, whether this protein sjmthcsis 
is intended for the building-up of protein in the cell itself, or for 
the production of protein-containing secretion for the benefit of 
the environment. 

During the first stage of the immunization, a marked increase 
in the number of plasma cells was particularly noticeable. The 
most frequently occurring type of plasma cell (a) was found to 
correspond, in cytochcmical organization, for example, to the 
rapidly growing blood stem-cell, that is, a high nucleus-plasma 
relation, a well-developed ribose-polynucleotide nucleolar mass, 
surrounded by a thin outer layer of ribodesose-polynucleotide 
containing nucleolus-associated chromatin and, in the cytoplasm, 
high concentrations of ribose pol}Tiucleotides. It may be presumed 
with a great degree of probability that the nucleolar-cytoplasmic 
nucleotide mechanism of this type of cell subserves a new forma- 
tion of plasma cells, or, in short, that the cytochcmical and cyto- 
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logical picture of tliis type of plasma cell is a manifestation of 
cellular proliferation. 

During the latter stage of the immunization, with the constantly 
high titre level, a type of cell, cytologically and cytochemically 
identical with the normally occurring mature plasma cell (b) 
predominated. During the transition from the type of plasma 
cell, engaged in rapid growth and occurring during the incuba- 
tion stage (type a), to the later, mature plasma cell (type b), it 
seems — to judge by the nucleolar apparatus — that a similar 
process as during the maturation of the blood-cell takes place, 
namely a gradual diminuation of the amount of developed 
ribose-nucleotide-containing nucleolar mass (though never to nil), 
but with the difference that iJie rihose-'polynucleotide concentration- 
in the cytoplasm remains unchanged. 

The marked increase of plasma cells during the incubation 
period and the large number of plasma cells during the stage of 
the high titre level (for data, see above), in conjunction with the 
results of previous investigations, renders it probable that the 
antibody protein is produced by these cells. The high concentra- 
tion of ribose polynucleotides in the cytoplasm of the mature 
plasma cells indicates, according to previous observations, that 
extensive protein metabolism processes are going on in it. From 
these data, taken together, it may be inferred that the formation 
of antibody protein proceeds essentially in a similar way as the 
protein synthesis in cells in general, namely in the presence of nucleic 
acids. In the same mature plasma cell, however, the micleus 
and its parts, showed, according to the observations hitherto 
made, a relatively small activity. Investigations into passive 
homologous sensibilization have indicated (Jordan 1941) that the 
increase of antibodies is an autocatalytic process, guided by the 
antibody molecule, and analogous with the gene and virus effect. 
This may explain why the nucleus in the mature plasma cell 
does not — as in other cells with a similar function (embryonal 
cells, pancreas, etc,) appear to take more active part in the cyto- 
plasmic new formation of protein. 

Summary. 

In order to stud}’’ the endocellular formation of antibodies, 
plasma cells produced by injection of polyvalent pneumococcal 
vaccine or horse serum in rabbits, have been analysed with 
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Tiiicrospectrograpliical and microcliemical methods. The succes- 
sive examination of plasma cells after the injection .showed that 
during the first stage of immunization the most frequently oc- 
curing type of plasma cell in cytochcmical organization corres- 
ponds to the rapidly growing blood stemcell. During the latter 
stage of the immunization, with the constantly high titre level, 
a type of cell, identical with the mature plasma cell predominated. 
The transition from the rapidly growing cell to the mature cell 
is similar to the maturation of the blood-cell, but with the differ- 
ence that the ribose-polynuclcotide concentration in the cyto- 
plasm remains unchanged. Together with the immunological data, 
this seems to indicate, that the formation of antibody protein 
proceeds essentially in a similar way as the protein synthesis in 
cells in general, namely in the presence of nucleic acids. 
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During the last decade several investigators have studied a 
dietarj^ condition in chicles in yrhicli the mnsculat stomacli is 
ulcerated (“eroded”). Dam (1934) and Dam and Schoekheyder 
(1934) found this condition present in chicles reared on an arti- 
ficial vitamin K free diet and gave a preliminary description of 
it. The tendency to ulcers was then helieved to be related to the 

Wtamin K deficienev. It is now certain that this is not the case; 

•> ' 

the ba.sal diets used in the present studies contain an ample 
amount of vitamin K substitute and yet produce ulcers in a 
very Ivigk degree. Almqui.st .and Stokstad (1935 — 1937) re- 
ported that the factor vvhicli protects against gizzard ulcers is 
present in alfalfa togctlicr witli adtnmin K and is fat soluble. 
ALMQtnST further elaborated on the subject in 1937 and in 1938 
found that bile acids protected tlic chick gizzard from ulcer 
formation. Other .substances such as milk (Almquist, SIecchi 
and IvRATZER, 1941), cartilage, and chondroitin (Bird and Ole- 
son, 1938) have also been reported to counteract gizzard ulcers. 
One of the latest contributors to the field is Cheney (1938, 1940, 
1942) who reported that cinchophen (phenyl-cinchoninic acid) 
“atophan” produced gizzard ulcers wlien fed to chicks receiving 
a normal diet. The fact that cinchophen can produce ulcers in dogs 
and cats had already been rej)orted (Wagoner and Churchill 
1932, Stalicer, Bollman and Mann 1937, Schwartz and Si- 
mones 1935). Cheney suggested the name Vitamin U for the anti- 
ulccr factor and stated that it is present in the “sterol fraction of 
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fat wliicli is saponifiable” and is readily destroyed by heat. The 
designation “factor U” has already been proposed by Stokstad 
and Manning (1938) for another factor essential in the nutrition 
of chicks. Cheney further reported that the tendency to ulcers 
is due not only to lowered resistance of the tissue involved but 
also to gastric h 3 rpcracidity. 

A more detailed account of the literature on this problem is 
included in the publications already quoted and in papers by 
Lansing, Miller and Titys (1939) and Esselen (1939). 

In the past few years one of the authors (Dam) has investigated 
the gizzard-ulcer problem, the main results of wliich are here- 
with presented as well as the results of the more recent work 
jointly studied. 

Choice of rilccr-prodiicing diefs for chicle: In experiments on 
vitamin E (Dam 1914) it was noted that the ^^tamin E free diet 
no. 182, the composition of which is given in table 1, gave rise 
to perforating ulcers in many of the animals which had survived 
the vitamin E deficiency for a sufficient length of time. It was 
observed that vitamin E in the form of 10 mg% d, 1-alpha-tocopherol 
acetate failed to prevent the ulceration, but, as mentioned later 
in the present paper, its incidence and severity were more prom- 
inent in the absence of \dtamin E. However, vitamin E de- 
ficient basal diets could not be used advantageously in the ulcer 
study because of the complications wliich arise therefrom, espe- 
cially when fats arc tested. 

Addition of to 1 % of cinchophen to the artificial diet con- 
taining vitamin E hastened the onset of gizzard-ulcers. It was 
therefore decided to carry out most of the tests with artificial 
cinchophen-containing diets supplemented with vitamin E. In 
some of these diets the casein content was reduced from 15 % 
to 10 %. Such a reduction caused the animals to eat less with 
the result that a smaller amount of material was required for the 
test. The addition of cinchophen to normal commercial diets as 
proposed by Cheney, has been tried, but since the results ob- 
tained were less pronounced than those produced by the artificial 
diets, this procedure was abandoned. 

The effect of cinchophen is not confined to the gizzard, as it 
produces a general intoxication which diminishes groirth and 
which in man is loiomi to affect the function of the liver (Babi- 
NOWlTZ 1930). The feeding of cinchophen diets also leads to 
neuromuscular disturbances early in the experiment. 
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Basal diet no: 

182 

203 

293 

340 

Casein, alcohol-extracted^ 

lo g 

10 g 

10 g 

10 g 

Dried yeast, ether-extracted' 

Dried yeast, not extracted' 

10 g 

10 g 

10 g 

10 g 

Com starch 


61.3 g 

60.8 g 

60.8 g 

Sucrose 

Gelatine 

54.6 g 

8 g 

8g 

8 g 

8 g 

Gnm arabic 

8 g 

5 g 

0 g 

1 § 

Salt mixture* 

7.2 g 


5 g 

5 g 

l-cystino 

0.1 g 

0.1 g 

0.1 g 

0.1 g 

Choline chloride 

0.1 g 

0.1 g 

0.1 g 

0.1 g 

Cinchophen 

0 

0.5 g 

1 g 

0 

Vitamin K substitute* 

1 mg 

1 mg 

1 mg 

1 mg 

d, 1-alpba-tocopherol acetate* 


10 mg 

10 mg 

10 mg 

Cod liver oil 

0 g 

5 g 

0 g 

5 g 


For the Gradation (“scoring'’) of the symptoms it seems just- 
ifiable to use the scheme proposed by Cheney' {19i2) in u'hich 
Grade 0 represents no sign of ulcerationj Grade 1; redness (fine 
hemorrhage) in the glandular layer, Grade 2: a break in the lining 
and beginning destruction of the glandular layer, Grade 3: a 
break in the lining, an ulcer with a flat base and indurated margins, 
and considerable destruction of the glandular layer, Grade 4c an 
ulcer extending into the muscular layer, and Grade 5; perforating 
ulcer. When several ulcers occur in the same gizzard, the most 
marked of them is used as an indicator for the severity of the 
symptom. Ulcers which finally perforate are usually found on 
or near the greater curvature of the gizzard near the zona inter- 
media. The bottom of the gizzard is seldom affected beyond grade 
2. Ulcers are rarely found in the glandular stomach and none has 
been seen in the esophagus or in the duodenum in the present in- 


vestigation. . 

Cheney’s scheme is based upon the assumption that the first 
signs of the defect is a beginning hemorrhage at the base of the 
glands which secrete the gizzard lining. The function of the glands 
is thereby disturbed or even stopped, so that the linmg becomes 
weakened or even disappears over the affected areas. Then the 
gastric juice digests the underlying tissue, which increases the 

1 From S. M. A. Corporation, Chagrin Falls, Ohio. 


“Sunkavite, Eoohe”). , 

* “Ephynal acetate, Bocne . 
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depth of the ulcer. Chauges may occur %Yhich apparently do not 
fit completely into this scheme. Thus a roughening of the lining 
may be found without evident changes in the glandular layer. 
Whether this is a manifestation of the same deficiency which 
may be the cause of ulcers is not absolutely certain. This stage 
has arbitrarily been counted as >/». llarely, a deep ulcer is seen 
which is not accompanied by gross damage of the lining. 

In order to conserve time, the ulcers found in the present in- 
vestigation were usually classified according to their gross ap- 
pearance. Histological examination was \iscd only in a few cases. 

Feeding of the ulcer-producing diet to groups of 10 chicks for 
4. or 6 weeks from the time of hatching produces the symptom 
to such a degree (average score for 10 animals: between 2 and 3) 
that comparison between test groups and a simultaneous negative 
control group can be carried out. Short feeding periods such as 
1 or 2 weeks yield uncertain results. 

A preliminary investigation lias been carried out in order to deter- 
mine whether a simple analysis of the gastric juice might replace the 
autopsy as a criterion for the tendency to ulcers. 

The animals used in this investigation were reared from 18 to 62 
days on the normal commercial diet, on artificial ulcer-producing diets 
with or without cinchophen, or on similar diets to wliich hog liver 
fat had been added. They had no access to food 24 hours before the 
test. The stomach juice was collected by means of French catheter no. 
8 and a syringe, as described by Cheney, with the modification that 
no sedative and no histamine were used. Several samples were taken 
at 10 minutes’ intervals, and the pH was determined by means of the 
Beckman micro glass electrodes using two drops of each sample. For 
the animals on the normal diet the pH of the first sample varied from 
l.c to 2.1; that of the following samples differed from l.-i to 1.9. For 
the animals on the various artificial diets the corresponding figures 
were 2.o to 2.7, and 1.5 to 2.7 resp. The secretion from the chicks 
reared on the ulcer-producing diet often contained blood. The volume 
of the fasting secretion varied considerably in chicks of the same group 
(from 0.3 to 1.5 ml.). The difficulty in securing the optimal position 
of the catheter makes the figures for the volume much less accurate 
than those for the pH. 

The conclusion from this limited investigation is that the fasting 
secretion of normal chicks is slightly more acid than the secretion of 
the chicks reared on the various artificial diets regardless whether they 
are ulcer-producing or not. It is therefore not feasible to use the pH 
determination as a criterion for the tendency to ulcers. The presence 
of blood in the fasting secretion may be suggestive. The acidity of the 
fasting secretion of the chicks on the ulcer-producing diets is not 
higher than that of the chicks receiving normal protective diets. 
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jRGSHlts and Discussion of the Feeding Experiments. 

Tahle 2 represents in condensed form the results obtained by 
adding various substances to the basal diets given in Table 1. 


Table 2. 


Sec- 

tion 


Basal 

diet 


182 

182 

182 

182 

182 


293 

293 

293 

293 

293 

293 

293 

293 

293 

293 

293 

293 

293 

293 

293 

293 


203 

203 

203 

203 

203 

203 


Addition 


Average ulcer- 
score in % of 
tile ulcer-score 
in the corres- 
ponding nega- 
tive control 
group 


None 

2.5 mg % d, 1-alpha-tocopherol acetate 
10 mg % d,l-alpha-tocopherol acetate. 

lard instead of cod liver oil 

hog liver fat instead of cod liver oil . 


100 

53 

54 
25 

2 


3.24 % “loiv calcium salt mixture”^ instead of 

5 % of the original salt mixture 

ground vhole vheat instead of starch 

ground yelloir corn instead of starch 

ground oate instead of starch 

30 % of -wheat bran instead of 30 % of starch . 

15 % of frozen spinach mixed -with the diet . . . 

16 % of ventriculin* instead of 16 % of starch . 

0.5 % cholic acid 

10 % of cartilage’ instead of 10 % of starch . . . 

5 % chondroitin’ instead of 5 % of starch 

25 % of pasteurized “20 %” cream mixed with 

the diet 

10 % of dried beef liver instead of starch 

10 % dried hog liver* instead of 10 % starch . . 
10 % of dried calf brain* instead of 10 % of 

starch 

10 % hog liver fat instead of 10 % of starch . . 
10 % of lard instead of 10 % of starch 


31 
69 
80 
93 
72 
89 
91 

182 

51 

82 

61 

83 

32 

39 

33 
85 


2.5 % d,I methionine 

10 % of casein instead of 10 % of starch 

10 % of dried alfalfa 

10 % of cerophjP • • • 

20 % canned sterilized “36 %” cream mixed 

with diet 

10 % of milk-sugar residue’ instead of 10 % of 
stareh 


88 

77 

47 

76 

104 

137 


I 


’ Consists of the salt mixture indicated in footnote 3 of table 1 -without the 
calcium lactate contained in McCollum's salt mixture. 

’ From Parke, Davis & Co., Detroit, Mich, 

® Prom the Wilson Laboratories, Chicago, HI. 

* Prom The Armour Laboratories, Chicago, HI. 

® Prom The Cerophvl Laboratories, Inc., Kansas City, Mo. 

» Pumished by S. M. A. Corporation, Chagrin Palls, Ohio. 
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Basal 

diet 

Addition 

Average ulcer- 
score in % of 
the nlcer-score 
in the corres- 
ponding nega- 
tive control 
group 


293 

5 % hog liver fatty acids, prepared by hot sa- 




ponification^ 

22 


293 

1.5 % fraction 1 of hog liver fatty acids® 

92 

4 

293 

1.5 % fraction 2 of hog liver fatty acids’ 

75 


293 

1.5 % fraction 3 of hog liver fatty acids* 

29 


293 

1.5 methyl-esters of fraction .3’ 

35 

■ 

293 

2.5 % oleic acid instead of 2.5 % of starch 

99 


340 

3,24. % “low calcium salt mixture”* instead of 


5 


5 % of the original salt mixture 

39 

■ 

340 

0.5 % cholic acid 

88 


The first section of Table 2 deals Avith the effect of modifying 
the basal diet 182, ■which is vitamin E free and does not contain 
cinchophen. It shoAvs that the addition of Adtainin E in the form 
of d, 1-alpha-tocopherol acetate gives some but incomplete pro- 
tection against ulcers. This observation brings to mind the state- 
ment of Paypenheimer ct at (1939) according to -whose work a 
deficiency of vitamin E affects the smooth muscle of turkey giz- 
zards. It remains to be seen whether these two observations are 
related to each other. Substitution of lard for cod liver oil (vrith 

in 6?5 ml of methanol. After 24 to 48 hours, 1 liter of ether and 1,650 ml of 
•water -svas added. After separation and removal of the ether layer, the soap 
solution was again shaken out 8 or 9 times with 1 liter of ether. The comhined 
other-phases -were rinsed with water, dried -with sodium sulfate and evaporated 
in vacuo at 40® C. The soap solution freed from the non-saponifiahle was mixed 
■with 2,800 ml of water and 400 ml of ether and acidified with 160 ml of cone, 
hydrochloric acid. After separation the aoqueous phase was again shaken with 
1,400 ml of ether. The combined other solutions of the fatty acids were rinsed, 
dried and evaporated in the same way ns the nonsaponifiahle. _ 

^ Refluxed on steamhath for 2 hours "with potassium hydroxide in methanol, 
thereafter diluted with water, acidified with HCl, extracted with other, rinsed 
■with water, dried with NajS 04 and evaporated in vacuo. 

® Precipitated from a 10 % acetone solution at minus 20° C, iodine value 
2.5 %, amoxmt 37 % of total fatty acids. 

* Precipitated from filtrate from fraction 1 at minus 75° C, iodine value 90, 
amount 35 % of total fatty acids. 

* Filtrate from fraction 2 evaporated in vacuo, iodine value 210, amount 28 fo 

of total fatty acids. . 4 ,,/ t 

® Prepared by refluxing the fatty acid fraction no. 3 on steam bath 2*/. hrs. 
■with t'wico its amount of methanol containing 1.3 % dry HCl, dilution with water, 
extraction ■with ether, rinsing ■with water, drying ■with NasSOj and evaporation 

in vacuo. , . , , , 

* Consists of the salt mixture indicated in footnote 3 of table 1 without the 
calcium lactate contained in McCollum’s salt mixture. 
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vitamins A and D supplied simultaneously in the form of con- 
centrates) results in less marked ulcer production; hog liver fat 
provides a much better protection than lard. 

The second section of table 2, dealing with diets with 1 % 
cinchophen and only 10 % casein, shows that decreasing the con- 
tent of calcium salts by removing the calcium lactate in iMcCol- 
lum’s salt mixture 185, also results in less marked ulcer formation. 
The data do not permit the conclusion that the effect is specific 
for calcium salts, since lowering the other constituents of the 
salt mixture has not been tried. The effect is not confined to 
cinchophen diets (section 5 of table 2). Berg and Zucker (1944) 
have reported that calcium deficiency may lead to gastric lesions 
in rats, but this observation does not necessarily contradict the 
present finding, because the diets with lowered content of cal- 
cium salts still contain some calcium. 

Section 2 of table 2 further reveals that, cholic acid aggravates 
the symptoms, an effect which might be due to an increased ab- 
sorption of cinchophen in the presence of added bile acid. \Vhen 
cholic acid is added to a similar diet without cinchophen (section 
5 of table 2) there is practically no influence on the symptoms. 
The discrepancy between this finding and that of Al^iquist (1938) 
perhaps can be explained on the assumption that the basal diets 
used in the present study are more completely deprived of fac- 
tors which protect against gizzard ulcers. 

Common cereals, such as wheat, oats and corn, give-little or. 
no protection against the ulcer-producing effect of cinchophen, 
even when they constitute a large percentage of the diet (60.8 %). 
15 % of frozen spinach and 15 % of ventriculin arc also ineffective 
under the present circumstances, while some effect is obtained 
■with cartilage and pasteurized cream; however, calf brain and 
hog liver are much more effective. A similar effect has not been 
obtained by the same amoimt of beef liver. The protecting effect 
of hog liver fat though considerable is less in chicks whose diet 
have cinchophen added than in chicks on diets which contain no 
cinchophen. The experiments with diets containing 0.5 % cincho- 
phen (section 3 of table 2) show that canned sterilized cream and 
milk sugar residue gave no protection. Little protection is ob- 
tained with cerophyb or by the addition of more casein or me- 

^ Ceropliyl is a commercial product consisting of the dried and po'wdered leaves 
of young cereal plants. Cheney (1942) found it highly protective againrt gizzard 
ulcers. 
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tluonine Yrhereas dried alfalfa meal affords some protection. One 
of tlie most active substances is dried bog liver. Both tbe benzol- 
e^ract of hog liver and the benzol-extracted hog liver has fur- 
nished protection vhereas the effect of commercial soy bean oil 
has been uncertain. 

In section 4 of table 2 the protective factor in hog liver fat is 
studied further. This factor when mixed with the diet before the 
cod liver oil is added can withstand exposure to air at 40 — 50° C 
for one week. It can stand heating (in bulk) to 100° C for 1 hour 
whereas autoclaving at 120° C for 1 hour results in its destruction. 
Some loss occurs by treatment of the fat with hydrogen peroxide 
in ether. The acetone-soluble and the acetone-insoluble fractions 
do not differ greatly in potency, and both of these fractions are 
more active than soy-bean lecithin. The active substance of the 
fat is present in the fatty acid fraction, whereas the equivalent 
amount of the non-saponifiable substance has little effect. While 
in most of the experiments the saponification has been carried 
out at room temperature hot saponification with potassium hyd- 
roxide in methanol in a steam bath for 2 horns has not resulted 
in any appreciable loss of potency. Oleic acid has no effect. 

The fact that hogliver fat and hog liver fatty acids protect against 
gizzard ulcer has already been suggested by certain experiments 
with vitamin IC (Dam, 19.35) which have been carried out both on 
a much smaller scale and during a considerably shorter duration 
than the study reported here. Cheney (19i2) also reported hog 
liver fat to be protective, but did not state that the effect is con- 
nected with the fatty acid Iraction. 

Using the method of Brown and Stoner (1937) the fatty 
acid.s from hog liver fat were divided into 3 fractions: viz. a 
practically saturated, a moderately unsaturated and a highly im- 
saturated (compare the footnotes to the corresponding part of 
tabic 2). Of these fractions, the practically saturated (iodine 
value 2..'j) was nearly inactive, the moderately unsaturated (i. v. 
90) slightly active, and the highly unsaturated (i. v. 210) very 
active. This latter fraction could be converted into methyl esters 
by heating with HCl in methanol without losing the potency. 

Certain observations with other animals may be mentioned 
briefly: 

When, for other purposes, ducklings were reared for 32 days 
on diets such as diet 182 with the modification that the cod 
liver oil in the diet had been heated to 100° C for a week with 
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air bubbling through it, the tendency to ulcers developed to a 
much higher degree than when the cod liver oil had not been 
heated. This observation recalls a report by Morris, Larsen 
and Lippincott (1943) according to which prolonged feeding of 
heated lard to rats resulted in stomach ulcers. 

Attempts to develop ulcers in rats by feeding artificial cincho- 
phen containing diets similar to those used in the present studies 
on chicken gizzard ulcers failed to produce changes in the stomach 
within 94 days, even when 1 % of sulfasuxidine was added to 
the diet in order to reduce to a minimum the supply of nutritional 
factors from the intestinal flora. The fact that the stomach of the 
rat is more resistant to the deleterious affect of such diets may 
be related to the circumstance that the rat stomach does not 
secrete much acid during fasting, in contrast to the chick stomach. 

The main result of the present study is that the highly un- 
saturated fraction of the fatty acids from hog liver, either as 
free acids or as methyl esters, coimteracts the development of 
gizzard ulcers, although it does not result in a general improve- 
ment of the cinchophen poisoning. In addition it is possible to 
influence the tendency to ulcers by certain other modifications 
of the diet. It is worth while to notice that ^^tamin E and the 
factor in hog liver fatty acids act in the same direction, contrary 
to what is known about other effects of these two factors. 

During the investigation here reported it was observed that 
the bill of chicks on the cinchophen and cod liver oil diets be- 
came affected in a peculiar way, namely, by erosion and forma- 
tion of crust on the soft tissue of the upper bill. Eventually this 
change affected the bill itself to such an extent that in some 
cases the upper bill deteriorated completely. The lower bill was 
less involved. This symptom was influenced by certain modifica- 
tions in the diet. Thus it was greatly lessened by feeding beef 
liver or methyl esters of the active fraction of hog liver fat; it 
was increased by feeding the corresponding free acids. The fac- 
tor which protects the bill against the effect of cinchophen and 
cod liver oil is therefore not identical with the anti-ulcer factor. 

Summary. 

The highly unsaturated fraction of the fatty acids from hog 
liver fat (iodine value about 200) coimteracts the development 
of gizzard ulcers in chicks reared on xdcer-producing artificial 
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diets. The woderatelj’ unsaturated fraction (i. v. 90) and the 
largely saturated fraction (i. v. 2,5) have little or no effect re- 
spectively. Tlie active fraction can be converted into methyl 
esters without losing its potency and is relatively stable to heat. 

Cod liver oil or oleic acid does not possess anti-ulcer effect; 
lard and commercial soy-bean oil are much less effective than 
hog liver fat. 

Vitamin E in the form of d, 1-alpha-tocopherol acetate dek)^ 
to some e.xtent the development of gizzard ulcers produced by an 
artificial diet without cinchophen. 

The salt content of the diet also has some influence on the 
tendency to the development of ulcers. 

Cholic acid is without effect when added to ulcer-producing 
diets without cinchophen but enhances the ulcer-producing effect 
of cinchophen-containing artificial diets. 

Cartilage, pasteurized cream and dried alfalfa give some pro- 
tection against gizzard ulcers. Dried calf brain offers a degree 
of protection somewhat comparable to that of liog liver. 

Cerophyl, canned sterilized cream and ventriculin are largely 
inactive, 

E\*idcnce of increased acidity of the fasting stomach juice of 
chicks rcccmng ulcer-producing diets is not present. 

Feeding of heated cod liver oil enhances the tendency to giz- 
zard ulcers in ducklings. 

Rats fed the same diets used for the production of ulcers fail 
to develop ulcers Avithin 94 days. 


Acknowledgement: This work was aided by a grant from AVyeth 
Incorporated of Philadelphia. 
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Especially Heilmbyer and Plotner (1937) have in funda- 
mental works definitely shown that serum iron, z. e. the acid- 
soluble iron in blood serum, is a factor of physiological importance. 
We know that serum iron varies within fairly narrow limits in 
physiological conditions but the causative regulating factors are 
as yet practically unknwon. This also holds for the factors which 
elicit changes in the concentration of serum iron in pathological 
conditions. 


On the binding of serum iron. 

Up to now all experiments indicate that serum iron is boimd 
to one or more protein components in serum. Barkan found 
(1927) that serum iron was nondialysable at the pH of the blood. 
He found, too (1933), that in native serum the serum iron is not 
ultrafiltrable. Only when the serum had been acidified did iron 
pass into the ultrafiltrate. Vahlquist (1941) showed that serum 
iron is nondialysable within a wide pH range from pH 4.5 to at 
least pH 10. Vahlqitist’s dialysis experiments in vivo also sup- 
ported the view that serum iron is bound to proteins, Barkan 
and Schales (1937) found that half-saturation with ammonium 
sulfate precipitated serum iron quantitatively together with the 
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globulins. Such was also observed to be the case with sera 
to which iron had been added (Starkenstein and Harvalik, 
1933). 

With the aid of modern electrophoresis technique Yahequist 
(1941) has made a small series of experiments regarding the 
binding conditions of serum iron. His results arc difficult to assess, 
as the iron concentrations in the analyzed fractions often were 
very low, the experiments were performed at different pH, and 
the iron concentration of the buffer employed varied. His con- 
clusions are that serum iron is bound both to the albumin and the 
globulin fractions. The main part is found in the last-mentioned 
fractions, and one experiment seems to indicate that the a- and 
/5-globulin fractions serve as the principal carriers, as the y- 
globulin fraction is poor in iron. 

In Vahlquist’s monograph (1941) there is a review of the then 
accessible material regarding the normal variations of serum 
iron in man. He puts the mean values in men at 129 y % with 
6 32, and in women at 110 y % with 6 29. From these figures it 
is naturally not possible to draw any conclusions as to the maximal 
capacity of native scrum to bind iron. This point has, however, 
been elucidated in experiments with intravenous administration 
of iron. Waldenstrom (1944) has published the hitherto greatest 
material on intravenous administration in healthy subjects and 
in various t}q)es of anaemia, where serum iron has been controlled 
continuously. In healthy subjects the mean value of the initial 
serum iron was 114 y % and 5 minutes after injection of 10 mg 
291 y %. Waldenstrom draws attention to the in- 
teresting fact, earlier observed by Skouge (1939), that the con- 
centrations of serum iron, obtained immediately (5 minutes) 
after an injection of iron, are lower than should be expected when 
calculating the quantity of iron supplied on the total plasma 
volume of the body. They are, further, considerably lower than 
the amounts of iron which can be bound in nondialysable form 
to the serum proteins in in vitro experiments. Waldenstrom 
was able to preclude the possibility of this being due to the accu- 
mulation of iron in the blood corpuscles or to any loss of iron via 
the urinary tract, which corresponds completely vuth earlier 
investigations. (Barkan, 1933, showed that blood corpuscles 
do not take up iron from sera to which iron has been added; Hen- 
RiQDES, Roland, 1928, McChance, Widdowson 1937, 1938, 
Dahl 1944 et al. all agree that only a very inconsiderable increase 
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in iron excretion in the urine takes place after intravenous iron 
administration.) After administration of iron the serum iron con- 
centration obtained remains practically unchanged in healthy 
subjects for several hours. This “braking” of the increase in serum 
iron at intravenous administration often appears more clearly 
in patients with untreated pernicious anaemia than in healthy 
subjects. The “braking” may here be so strong that the initial 
serum iron value (fairly high in these cases) is scarcely influenced 
b}' the injection. The supplied iron in these cases exerts such a 
markedly toxic effect that the administration has to be dis- 
continued long before the generally tolerated dose of 10 mg has 
been administered. 

The deficient correspondence with earlier in vitro experiments, 
which showed a capacity of the serum to bind iron of quite an- 
other magnitude tlian that maximally obtained at intravenous 
administration of iron, immediately attracts attention. Walden- 
strom therefore does not seem inclined to discuss the possibilit 5 »- 
that the maximal values obtained in any way represent the upper 
limit to the binding capacity of serum. As he has proved definitely 
himself that the explanation cannot be sought for in an accu- 
mulation of iron in the formed elements of the blood or in excre- 
tion in the urine, the principal remaining possibility seems to 
him to be the influence of extravascular factors. He mentions in 
this connection the reticulo-endotlielial system. He considers 
it possible that the extra-vascular factor may be subjected to 
hormonal regulation. The discussion of the braking effect is con- 
ducted in connection with the interpretation of the injection 
experiments in pernicious anaemia. In healthy subjects the 
“braking” is not very pronounced on administration of iron in 
doses up to 10 mg. He points out that cases of hepatitis do not 
often show any certain braking effect in spite of high initial 
serum iron values. 

Skouge (1939) suspects that the “braking” is due to a protein 
precipitation of the iron. 

In the experiments described below we have started with 
another hypothesis. We have reasoned "with the possibility that 
the binding of iron which can be proved in vitro in sera to which 
large amounts of iron have been added is of a different character 
to the native iron-serum protein binding, and that the former 
therefore is easier dissolved in vivo, when the surplus iron is taken 
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up by tissue elements and thus disappears from the blood stream. 
Although this relationsliip has never been cleared up there are 
some hints in the literature to the effect that iron is bound diffe- 
rently in native serum and in such scrum to which iron has been 
added respectively. The following early experiments show that 
such a thought is not altogether preposterous: llTien precipitating 
serum protein with trichloro-acetic acid the loss is percentually 
smaller in sera to W'hich iron has been added than in native sera 
(Heilmeyer, Plotner 1937). Vaiilquist’s electrophoresis expe- 
riments seemingly indicate that when iron has been added to. a 
serum a greater percentage of it is bound to the albumin than is 
the case with native serum. 

The primary condition of the hypothesis regarding the various 
t}'pes of iron-serum protein binding being provable experimentally 
is to have the disposal of a method Avhich permits of determining 
at least one of these factors under physiological conditions. It is 
possible that if a substance •which had the power of forming firm 
complexbinding with iron at physiological pH was added to serum, 
only the more loosely bovmd iron "would be accessible to such a 
complex-binding, and that it would thus be possible to deter- 
mine quantitatively the two hypothetical fractions in vitro. This 
substance ought further to give a strongly coloured complex with 
iron. If such a substance exists it would be feasible by means of 
adding iron in vitro to titrate the maximal limit of the native 
binding. In that case the boundary’- value ought to correspond to 
the values of serum iron, obtained after intravenous administra- 
tion, i. e. the value at the onset of the braking. Thanks to a happy 
coincidence we have in aa’-dipjrridyl a substance which as far 
as we have found fairly Avell meets these requirements: 

a) It gives a strongly red-coloured complex -within the pH- 
range 3.5 — 8.5 -vslth ferrous iron (Hile, 1931). 

b) IVhen adding dipyridyl to serum together wdth reduction 
agents no coloinc develops during the first hour. Even after several 
days only part of the iron has been liberated from its protein 
complex, which seems to be very poorly dissociated. 

c) "WTien adding iron to serum a total complex formation 
between the colour reagent and the added iron is only obtained 
above a certain limiting value, special to each serum. 
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Methods. 

Determination of total serum iron. 

The method employed by us is an adaptation of the principles laid 
down by Hill (1931). 

Test technique: 

1. Cleaning of glass ware. After having been washed, all glass ware 
to be used for the analysis is treated with diluted hydrochloric acid 
and then rinsed with glass distilled water. 

2. Mood sampling: About 20 ml blood is required. For taking the 
sample w'e used an inwardly polished needle of stainless steel, through 
which the blood flows down Erectly into a centrifuge tube (washed as 
described above). 

3. Analysis. 3 ml 6N hydrochloric acid is added to 6 ml serum in a 
small erlenmeyer flask, is mixed well and left for 10 minutes, after 
which 6 ml trichloro-acetic acid is added. After another 10 minutes 
the misture is filtered through a small Berzelius filtre^ (the filtre papers 
should be washed in 5 % HGl and rinsed with glass distilled water and 
dried). The filtrate is collected in a graduated tube, holding 25 ml. 
1 drop of paranitrophenol is added to 7.5 ml of the filtrate, and brought 
back almost to neutrality ■with ammonia, and acidified “with lSr/2 hydro- 
chloric acid until the colour has disappeared. After this 0.25 ml sodium 
acetate solution is added, and the sample acidified again -with hydrochlor- 
ic acid until the colour has disappeared (Obs. the acid should be added 
drop by drop). Some crystals of dipyridyl are added and about a knife’s 
point of hydrosulfite. The solution is diluted "with glass distilled water 
to 12.5 ml and well mixed. The extinction is determined in a pulfrioh 
photometer against a blind which has been treated in the same way 
with glass distilled water instead of serum. The thickness of the layer 
should be 3 cm and the filtre S 50. It is very important to control that 
the sample does not contain any turbidity especially when the colour 
is very faint. 

Computation: 

The determined extinction multiplied by 955 = Fe in y per 100 ml 
serum. 

Solutions required: 

GIST hydrochloric acid (Cone. p. a. and equal parts of redistilled water). 

20 % trichloro-acetic acid: The trichloro-acetic acid used had best 
be redistilled. 

Cone, ammonia. 

ISr/2 HCl: 5 ml cone. HCl diluted to 100 with redistilled water. 

O.o m sodium acetate: 81. o g ITaC 2 H 302 • SHjO is diluted to 1 1. 

Paranitrophenol: 1 % solution in absolute alcohol. 

ao.'-dipyridyl p. a. in substance. 

Sodiumhydrosidfite: p. a, in substance. 

1 observation made by' Vanotti and Delacbavx (1942) that considerable 
amounts of iron are adsorbed by the filtre paper does not apply when using a 
Berzelius filtre No. 00 with a diameter of 7 cm. 
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Estimation of dipyridyl- and non-dipyridyl reacting iron in 
serum after addition of ferrous iron* 

Principle: There is a certain boundary value for each serum belov 
•which added ferrous iron is firmly bound and does not react with dipy- 
ridyl, and above which all added ferrous iron reacts with dipyridyl. 
"When determining the total amount of iron which may be firmh' 
bound by a given serum it is therefore sufficient to make a deter- 
mination after addition of so great an amount of ferrous iron that the 
total amount of iron in the sample surpasses satisfactorily the capacity 
of serum to hold iron firmly bound, henceforth called the “saturation 
limit”. 

The saturation limit is obtained by subtracting the value of the 
dipyridyl-reacting iron from the total amount of iron after administra- 
tion of ferrous iron, both values being counted in y %. In the deter- 
minations here published we have, however, as a rule performed several 
estimations -with additions of varying amounts of iron — at least 2 and 
generally 4 of which have surpassed the saturation limit — in order 
to achieve the greatest possible accuracy. The upper curve in figure 
1 shows the results of a series of such estimations on a healthy subject. 

Technique: For cleaning the glass ware see above on determination 
of total serum iron. About 40 ml blood is required. 

Analysis: 6 ml serum is collected, and serum iron determined in the 
ordinary way as described above. 4 ml serum is pipetted into each of 
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two test tubes. 0.2 ml ferrous chloride -solution is added to one tube 
and 0.2 ml ascorbic acid solution to the other. The test tubes are filled 
mth a mixt'Urc of 5 % carbon dioxide in nitrogen, and plugged. After 
1 hour the samples are read off against each other in a pulfrich photo- 
meter with filtre S 50 in 1 cm cuvettes. The difference in extinction is 
noted (El). A knife’s point of hydrosulfite is added to both tubes and 
some crystals of dipyridyl to the one containing iron. The tubes are 
filled again with the carbon dioxide mixture, and plugged. They are 
shook repeatedly for one hour. They are then read off once more against 
each other with the same filtre and size of layer as before (Ej). 

^ . 100 f(7'/ml • ‘1 -k 20) ~ 6.SS • (E.— EJ • 4.2*] 

Comjnttahon: •- ‘V.' .. - ^ \ = y 

non-dipyridyl-reacting Fc. 


licagcnts: 

Ferrous chloride solution: This is prepared as a stock solution of 
ferric chloride which contains 100 mg Fe and 1 ml cone. HCI per Utre 
water. 10 ml stock solution is reduced with about 20 mg ascorbic acid 
immediately before being used. 

Ascorbic acid solution: About 20 mg ascorbic acid is dissolved in 
10 ml water. 


I)iscu.ssion of the ineihod. 

1. To convince our.selve.s that a complete development of 
colours takes place in the given conditions we performed some 
determinations in phosphate buffer.s of varjung pH. The results 
arc given in table 1. As the scrum sample is kept under a gas mix- 
ture containing 5 % carbonic dioxide in nitrogen the pH remains 
fairly constant. Several mea.suremcnts with the glass electrode 
liave given values between G.9 and 7.1. The time allotted to the 
development of colours therefore .seems to be sufficient for all 
not firmly bound Fe present to be bound by the dipjTidyl. ’^\e 
found, too, that extension of the time to 3 — i hours did not lead 
to any comsiderablc increase in the colour strength. 


Table 1. 

The influence of pFI and lime on the complex formation of 
O-o! -dipyridyl with iron. 


1 pH 

1 

! Extinction after 
15 min. 

Ex./40 min. 

E.X./70 min. 


; 317 

313 

311 

; 306 

300 

318 

316 

’ 6.50 

314 

317 

6.80 

! 7.52 

; 8.00 

314 

314 

306 

314 

316 

315 
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2. AVlien a ferrous iron solution containing a surplus of ascorbic 
acid is added to a serum a change of -serum colours -takes place. 
The colour of serum changes from yellow or yellow-green to 
yellow-red, and a definite increase in extinction can be measured 
in the pulfrich photometer %vith filtre S 50. This change sets in 
successively on the addition of very small amounts of iron, and 
seems to attain its maximum at the saturation limit. If the satura- 
tion limit is exceeded, the extinction remains unchanged at maxi- 
mum. It is as yet too early to pronounce with certainty on the 
basis of this change of colour. Several observations indicate, 
however, that it originates from the firmly bound iron in serum. 
Consequently we have as yet considered it justifiable to correct 
the extinction obtained with dipyridyl by subtracting this increase 
in extinction. If such a subtraction is not made it seems, when 
iron is added in amounts below the saturation limit, as if the 
iron did become only partially bound (see the dotted line in fig. 1). 
If the correction is made, wc obtain a better-defined bend of the 
curve at the value for the saturation limit (see upper curve). 


Saturation limit in healthy subjects. 


We have determined the saturation limit in 10 healthy non- 
anaemic subjects (6 men and 4 women) by the methods described 
above. The results are given in table 2. Some more determinations 


Table 2. 

"Saiuration limit” in 10 normal subjects after addition 
of increased amounts of 


Case No. 

Initial serum iron 

y % 

Saturation value 
.. 0/ 

/ /o 

1 

160 

264 

2 

160 

366 

3 

140 

335 

4 

172 

303 

5 

138 

i 336 

6.. 

110 

266 

7 

84 

358 

8 

140 

261 

9 

132 

298 

10 

80 

335 

Mean value: 

130 

312 

Wai-denstbom: 

114 

291 (intra- 

1 venous) 
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were made before the present technique was fully developed. These 
results are not included in the present paper, but the values 
obtained were of the same magnitude. 

seen from the table, these saturation values agree well with 
the maximum values attained by Waldenstrom (1944) after 
intravenous administration of 10 mg iron. 

We also made experiments with intravenous administration 
of 10 mg ferrous iron. We found that serum, collected within 
an hour after such an injection, is saturated — according to our 
definition — with iron. Directly after the injection we even found 
a small amount of dipyridyl-reacting iron. The total amount of 
iron is significantly smaller, however, than were to be expected 
on the assumption that the added quantity of iron is evenly 
distributed over the total serum volume. 

InjecAion experiments with ascorbic acid reduced ferric chloride. 

A healthy man, 25 years old. After 7 mg reddening of the face. At 
9 mg nausea. 10 mg in all administered. Serum iron before injection 
172 y %. Saturation limit 320 y %. Scarcely half an hour after injection 
serum iron 373 y %, 325 y % of which does not react with dipyridyl. 

Injection of 10 mg on healthy man, 26 years old. At 9 mg sneezing. 
Serum collected immediately after injection. Serum iron 458 y %. 
Saturation limit 410 y %. Thus about 40 y % reacted with dipyridyl. 
More serum collected after 90 minutes. Serum iron 420 y %, which 
agrees with a saturation limit of 410 y % within the limits of error 
of the method. 

It seems therefore probable that the braking effect, observed 
by Waldenstrom in injection experiments, might be explained 
by his having attained the saturation limit as determined in the 
present paper. We are of the opinion that the toxic symptoms 
w'hich appear on injections with greater amounts of iron are due 
to this limits being exceeded, and to the fact that the surplus 
iron quickly leaves the blood stream and then exerts a toxic effect. 
In this connection there is no reason to assume a specific activity 
of the reticulo-endothelial system. The diffuse vascular reactions 
which set in most probably imply an effect on the capillary system, 
perhaps also on the central nervous system. 

The correspondence with the braking effect discussed by Wal- 
denstrom is further illustrated in cases of pernicious anaemia, 
where this effect — as pointed out by Waldenstrom • often 
is especially marked. 



316 


C. G. nOLMBEBG AND C.-B. LADBELL. 


Saturation limit in pernicious anaemia. 

Waddenstrom’s material shows that some untreated cases 
of pernicious anaemia show a nearly absolute braking effect, 
while in other cases serum iron may rise considerably after in- 
travenous injection of iron. All liver-treated cases, on the other 
hand, shoAv a marked increase in scrum iron after intravenous 
injections. Table 3 gives the results of a series of determinations 
of the saturation limit in treated and untreated cases of per- 
nicious anaemia and in one case of macrocytic anaemia of hepa- 
togenic origin. 

Table 3. 

Saturation limit in untreated and treated cases of pernicious anaemias 

of a similar type. 



Case Iso. 

i Serum iron | 
! .,0' 1 

1 / /O 1 

i Saturation 
; limit •/ % 

Untreated, primarily saturated: 
Pernicious anaemia 

0 B 

Hepatogenic macrocj'tio anaemia i 
Pernicious anaemia of pregnancy | 

I It 

2t 

1 3 

I 4 

: 170 

255 

246 

288 : 

i 170 

1 260 

‘ 260 

, 290 , 

Untreated, primarily non-saturatod: 


1 • 


Pernicious anaemia 

5 

1 156 

305 

I’reated, non-saturated: I 

i 

! 


Pernicious anaemia i 

6 

i 20 ! 

200 

B B i 

1 7 

56 ' 

210 

B » 1 

; 1= 

i 65 

170 

i> B I 

i 2. 

i 53 1 

250 


It is seen from the table that 4 of the untreated cases Avere 
practically saturated, while one case was able to bind about 
150 y %. All the treated cases were able to bind relatively great 
amounts of iron before the saturation limit was reached. It is 
further seen from the table that the saturation limit does not 
change during the first days of liver therapy. 

In -3 of the cases recorded in the table Avhich proved to be satur- 
ated we tried to determine the braking effect in vivo, too. In all 
these cases toxic symptoms Avere obtained CAmn after administra- 
tion of very small amounts of iron; In two of these serum iron A\*as 
determined directly after the injection. The A'alues then obtained 
correspond cAddently aa'cII with the saturation Amlues. See case 
histories beloAA\ 
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Case histories. 

Cose No. 1. 0. G. 60 years old. Woman. Since half a year in- 
creasing tiredness and loss of weight. On admittance haemoglobin 39, 
red blood count I.g. Affected sensorium. Amnesia for the first week 
in hospital. Serum iron 170 y %, primarily saturated. 

Injection experiment toith ferrous iron (reduced with ascorbic acid): 
After 1 mg nausea, coughing. At 2 mg feeling of heat in the face, blushing 
and increasing nausea. The injection was discontinued. 

Case No. 2. 0. R. 63 years old. Man. Since 2 months increasing 
tiredness. On admittance haemoglobin 36, red blood count 1.4. Serum 
iron 255 y %. Saturation limit 260 y %. 

In]ectio7i experimejtt: After 1.5 mg violent sneezing. At 2 mg strong 
feeUng of heat in the face. At 3 mg nausea. Injection discontinued. 
Serum iron tested after 90 minutes 264 y %. 

0 a s e No. 3. E. J. 68 years old. Woman. Brother dead from 
osteomalacia hcpatica. The patient has suffered from “muscle ache” 
and has had high sedimentation rate for several years. Macrocytic 
anaemia, not reacting on bver therapy, observed during the year of 
admittance. Pronounced diffuse osteoporosis. On admittance haemo- 
globin 56, red blood count 2.9. Sedimentation rate 113. Serum protein 
8.4 (alb. 3.9, glob. 4.2 %). Sternal puncture shows nothing definitely 
pathologic. Serum iron 246 y %. Saturation limit 260 y %. 

Injection experiment: After 2 mg “feels great heaviness in the eyes” 
and sees badly. Injection discontinued, but continued after 10 — 15 
minutes up to 5 mg. Serum iron after one hour 265 y %. 

The investigated material of cases of periiicious anae^nia seems to 
support the earlier made suggestion that the braking effect is an expres- 
sion of the capacity of serum to hind iron firmly. The cases related above 
further seem to imply that transgression of tins limit leads to the appearance 
of toxic symptoms. 


Deterinination of tlie saturation limit in some other 
pathologic conditions. 

AVe have also determined the saturation hmit in some different 
pathologic conditions of various t}'pes, but the material is too 
small to allow any safe conclusions. The data from these in- 
vestigations are given in table 4. 

Two observations ought to be stressed, howev'er. 

1) The high saturation limit in the observed case of hepatitis 
acuta. As we know it has been observed earher that some cases 
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Table 4. 


Saturation limit in different pathologic conditions. 


Diagnosis 

Serum iron 

y % 

Saturation 
limit y % 

Polyarthr. chron. -f anaemia 

38 

215 

> » + » 

15 

215 

Pneumonia + anaemia (fever) 

64 

180 

Plouritis -f anaemia (subfcbrile) 

36 

160 

Anaemia (fever) 

17 

135 

Hypertonia -f anaemia 

33 

275 

» -j- » 

61 

270 

Diabetes + anaemia (epithelial symptoms). 

15 

250 

Pregnancy with anaemia 

30 

385 

Polycytaemia rubra vera 

40 

420 

Hyphopharyngcal cancer unth mctastascs . . . 

38 

165 

» » » » 

56 

260 

» » » » ... 

31 

240 

» » without » 

84 

230 

Aplastic anaemia (ostitis fibrosa generalLsata) 

169 

165 

Acute hepatitis 

256 

690 

Hereditary, non-haemolytic icterus 

103 

396 

» , haemolytic icterus 

122 

310 


of hepatitis may show ver}* high serum iron values after admi- 
nistration of iron, 

2) The low saturation limit in patients with elevated tempera- 
ture. 


Summary. 

By development of colour by means of dipyridyl in serum after 
addition of ferrous iron we have found that serum can contain 
about 300 y % iron in a firm binding. The authors propose the 
term saturation limit of serum for iron for this figure. The brak- 
ing effect discussed by Waldenstrom after intravenous injec- 
tions of iron seems to be due to the fact that the iron which is 
not firmly boimd rapidly leaves the blood stream. The toxic 
effect at intravenous administration of iron sets in in connection 
with the transgression of the saturation limit when the surplus 
iron leaves the blood stream. In imtreated cases of pernicious 
anaemia the iron content of serum is often so high that its capacity 
to keep the iron in firmly bound form is completely used up. 
These cases also react toxically even on 1 — 2 mg iron intravenously. 
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On tlie Metliylation of Guanidine Acetic Acid 
in the Animal Body. 

By 

GUNNAR STEENSHOLT. 

Ecccivcd 4 September 1945. 


The problem of the synthesis of creatine in the animal body has 
occupied the attention of biochemists for a long time, and has 
been the object of a considerable number of investigations. The 
literature is therefore already far too extensive to be adequately 
reviewed in the present note. As regards the older and also much 
of the more recent literature on these questions reference is made 
to the well known and exhaustive treatise by Guggenheim 
(1940). In the present note we must restrict ourselves to a very 
brief description of some of the main features of the problem 
as they present themselves today, particular attention being 
thereby paid to some of the more recent contributions. 

Bloch and Schonheimer (1940) found that the guanidine 
group, probably enzymatically, can be transferred to other amino 
groups. In these experiments rats were kept on a diet containing 
arginine, in which the guanidine group was marked by and 
glycine, in which the amino group was likewise marked by the 
nitrogen isotope. From the organs of these animals it proved 
possible to isolate creatine which contained the nitrogen isotope 
in the amidine as well as in the sarkosine part of the molecule. 
The highest content of in the creatine thus isolated was ob- 
tained on feeding ^“ISr-containing guanidine acetic acid. This lat- 
ter compound may hence, when the well known structural for- 
mulae of the compounds in question are taken into consideration, 
be regarded as an intermediary in the biosynthesis of creatine. 
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This idea, which, as a working hypothesis is not new (see 
OuGGENHEisi (1940)), together with some prewous work on the 
methylation of ethanol amine by methionine in the presence of 
tissue slices (du Vigneaud and associates (1940),- Steensholt 
(1945)) formed the starting point for the investigations which 
will be reported upon in the present note. The problem was to 
investigate whether guanidine acetic acid, in analogy with the 
biosyntliesis of choline from ethanol amine, can be methylated 
to creatine in the presence of li\nng cells or cell extracts, the 
methyl groups being furnished by methionine. An investigation 
along similar lines appears to have been carried out by Boesook 
and Dubnoff (1940) (see below). 

Mention must also be made of the work of Lehnaetz and Jen- 
sen (1941), and of Menne (1941 — 42). They found that guanidine 
acetic acid, arginine and histidine by incubation with minced 
muscle can be converted into creatine. In particular j\Ibnne made 
some interesting contributions to our knowledge of the enzymes 
or enzyme systems catalyzing the transformation in question. 

A very interesting possibility has been pointed out by Bischee, 
WiLHELMi and Davenport (1938), and supported by some ex- 
perimental evidence. According to these authors glycolic acid 
takes part in the methylation of guanidine acetic acid in the way 
indicated by the following scheme: 


H,N ■ C (: NH) • NH • CH, • COOH 
CH,-COOH 

H5N-C(: NH)-N^ — CO^ 

^CH,-COOH 


-f HO -CH,- COOH 


H,0 


H„N • C (: NH) • N • CH. • COOH. 


CHa 


We shall finally recall some experiments by Barrenscheen 
and Pany (1942), who found that etiolated wheat germs were able 
to convert guanidine acetic acid into creatine, and that the yield 
is greatly increased when methionine is added to the reaction 
mixture. Baeeensgheen and Valy (1942) also found that in the 
same way glycine, in the presence of methionine, can be trans- 
formed into betain. 

2i: — fiS25!i6. Ada plivs. Scandinav. Vol.lO. 
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The present work, the intentions of which were indicated 
above, had as its starting point the work of Bloch and Schon- 
HEiMER (.1940), and Barrehscheen and his associates (1942), as 
well as the work on the methylation of ethanol amine referred to 
above (du Vigneaud and associates (1940); Steensholt (1945)), 
In the literature available to the present ^vriter no reports of 
similar work have been found, except for a brief account of the 
work of Bobsook and Duhnoff (1940) alluded to above. How- 
ever, these authors seem to have applied somewhat different 
methods. The present -writer also believes to have collected some 
additional material which may be of interest to other workers 
in this field. It should also be borne in mind that, as is well known 
by students of this subject, the literatmre on the biosynthesis of 
creatine is crowded with conflicting results and -views. It seems 
therefore that work by independent investigators ought to be 
welcomed. 


Experimental Part. 

Biological material. Organs (muscles and liver) from rats were used 
throughout. The animals -were usually from 4 to 8 months old, and were 
kept on a diet beheved to be sufficient in all respects. They were killed 
by decapitation, and the organs removed immediately after death. By 
means of a pair of bent scissors they were finely divided into a homo- 
geneous mass, which could be conveniently handled and weighed. 

Substrates. The guanidine acetic acid was synthesised according to 
Nencki and Sieber (1878), whose method -was found to give satis- 
factory results. The methionine was a Hoffmanx-la Boche product. 

Determination of creatine. We have determined the amount of total 
creatinine in the reaction mixtures by the method of Lieb and Zacherl 
(1934 a, 1934 b). The procedure was as follows: 

2 ml of the deproteinated reaction mixture were pipetted into a 10 
ml measuring flask. 1 ml n-hydrochloric acid was added and the mix- 
ture autoclaved for 20 minutes at 130° C. After cooling 0.4 ml 10 per 
cent NaOH and 4 ml saturated picric acid were added, and the mix- 
ture left standing for 10 minutes. Water was then added up to the 10 
ml mark. Colorimetric measurements were then carried out -with the 
Pulfrich photometer using filter S 53. 

It is well known that the socalled Jaffe reaction, which forms the 
basis of the method just described, is not very specific. Thus guanidine 
acetic acid itself gives a colour which may to some degree interfere with 
the creatinine determinations by the Lies and Zacherl procedure. 
By working -with suitable blanks, however, it is possible to eliminate 
the influence of interfering substances to a very large extent. 

For deproteination a 10 % trichloroacetic acid solution was ordin- 
arily used, but in all the experiments to be described below we also 
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carried out duplicate tests with a 50 % solution. In many cases the 
deproteinated reaction mixture had to be diluted with water (usually 
in the proportion 1 ; 5) before measurementj in order to work in a con- 
venient range on the photometer scale. 

We first set out_ to establish experimentally the methylation of 
guanidino acetic acid ^vith methionine acting as donator of methyl 
groups. .4. typical experiment was as follows: 

The muscles from the hind legs of a rat were removed and carefully 
minced as described above. Into a small flask A were put 

0.3 g minced muscle tissue, 

15 mg guanidino acetic acid, 

40 mg methionine, 

4 ml phosphate buffer solution (pH 6.s). 

A second flask B contained exactly the same amounts of tissue, 
guanidino acetic acid and phosphate buffer, but no methionine. Both 
flasks were incubated at 38° C for 12 hours. After this period 8 ml 
10 % trichloroacetic acid solution were added to each of the flasks, 
and the contents stirred. After standing for 10 minutes the reaction 
mixture was spun down in the ceDtrifuge. 2 ml of the deproteinated 
liquid were removed and used for the analysis of total creatinine as de- 
scribed above. Double analyses were always carried out. 

We give in Table 1 the results for three different experiments 
of this kind. The table contains the direct photometer readings. 
In all three cases the reaction mixtures have been diluted with 
water in the ratio 1 : 5. 

Table 1. 


! Flask A Flask B 

(Double analyses) (Double analyses) i 

j ^ _ 

i 1. es^jeriment 1.8G 1.90 1.51 1.56 

j 2. experiment 1.79 1.80 1.52 1.49 

j 3. experiment 1.81 1.83 1.49 1.52 


(Each figure in the table is the mean of 5 independent readings.) 

In these three experiments, chosen at random, the results were 
remarlcahly uniform, in spite of the fact that different animals 
were used in each experiment. In several further experiments of 
the same type, not reproduced here, the variations from one 
measurement to the other, f. e. from one animal to the other, 
were considerably greater. 

Blank experiments were carried out by incubating methionine 
with minced tissue, and by mixing and incubating solutions of 
methionine and guanidino acetic acid. No increase in total cre- 
atinine could be found in the reaction mixtures. 
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In all tins work the progress of the reaction was followed for 
periods of time varying from 5 up to 32 hours. The relative 
amomrts of muscle tissue, guanidino acetic acid and methionine 
were also varied. However, the qualitative nature of the results 
always remained the same as in the cases reported above, i. e. a 
considerably higher total creatinine content in flask A than in 
flask B. We can therefore probably refrain from giving further 
numerical details. 

When the above experiments were carried out with minced 
tissue which prior to the test had been heated to 70 — 80 °C, no 
increase in total creatinine could be observed. 

Investigations along similar lines were also carried out in order 
to examine the influence of various buffers on the course of the 
reaction. Altogether the following buffers were tried 
Borate — HCl (pH ~7.7) 

Acetic acid — sodium acetate (pH ~ 6. 1) 

Veronal — acetate (pH —O.o) 

Ammonia — ammonium chloride (pH ^ 8. 1) 

Phosphate — borate (pH ~7.7) 

Ordinary phosphate buffer (see above) 

Mcllvaine's phosphate-citrate buffer (see below, in particular 
the diagram). 

The reaction was found to work, only in ordinary phosphate 
and in Mcllvaine’s phosphate-citrate buffer. 

In order to study the influence of the hydrogen ion concentra- 
tion on the course of the reaction a series of experiments was 
carried out using Mcllvaine's buffer. In a tjq»ical experiment 
flask A contained 
0.3 g minced muscle tissue 
8 mg guanidino acetic acid 
30 mg methionine 
5 ml buffer solution. 

Plask B, of course, contained the same amounts of tissue, 
guanidino acetic acid, and buffer solution, but no methionine. 
The relative increase in total creatinine was computed from the 
experimental data, and expressed in per cent of the amount 
originally present. The quantity thus obtained was determined 
as a function of the hydrogen ion concentration of the reaction 
mixtures. The result is shown diagrammaticaUy in fig. 1. Several 
other experiments of the same kind were carried out, but the 
numerical details are left out, since the diagram given can be 
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regarded as sufficiently illu.strative of tlie general nature of the 
results. The main feature is the fairly broad pH optimum some- 
what above the neutral point. 

Se%'cral attempts were made to obtain the enzyme or enzyme 
systems presumably responsible for the effects observed, in aque- 
ous solution. These e.xperiraents were carried out by carefully 
mincing the tissue and then grinding it with sand in a mortar. 
Thus treated it was extracted with water, or with various salt 
and buffer solutions (physiological NaCl, Einger solution, or- 
dinary phosphate buffer, Jlcllvaine's phosphate-citrate buffer). 
The extraction periods lasted from 2 hours up to 2 days. The 
amount of solution used for the extraction was also systematically 
varied. Unfortunately, however, all efforts proved to be in vain 
the extracts were found to be inactive. 

Einally the same set of experiments was carried through for 
liver tissue. The results were similar to those obtained for muscles, 
but the writer found that the increase in total creatinine brought 
about by incubating minced liver tissue with guanidino acetic acid 
and methionine was considerably smaller than for muscle. 
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Coinmonts. 

It can probably be safely concluded from the experiments re- 
ported above that muscle and liver in the rat contain enzymes 
capable of catalyzing the transfer of methyl groups from me- 
thionine to guanidino acetic acid, the latter substance thereby 
being transformed into creatine. It has the appearance that these 
enzymes are rather firmly bound to the cell structures; it must 
be remembered, however, that more efficient methods of extrac- 
tion than those applied in the present piece of investigation may 
prove successful later on. 

It would be interesting to know the explanation of the ex- 
perimental residt that the reaction seems to take place only in 
the presence of phosphate. However, a straightforward and un- 
ambiguous interpretation of the experimental findings is hardly 
possible at present; it may very well be that the failure in certain 
buffers is merely due to poisoning actions. Much more work is 
needed to clear up these obscurities. 

The writer is glad to express his best thanks to Prof. P. Eoe 
for his generous hospitality and support, 

Summarj^ 

It is shown by in vitro experiments that muscle and liver tissue 
from the rat are capable of catalyzing the methylation of guan- 
idino acetic acid to creatine, the methyl groups being furnished 
by methionine. Some simple properties of the enzyme system in 
question are established. 
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Adrenaline is one of tliose hormones that are characterized by 
a relatively simple chemical structure, a fact which has con- 
siderably facilitated the study of its biological effects. It has there- 
fore also- been possible to study the ijhysiological actions of a 
considerable number of substances of closely related type, namely 
those for which Dale has introduced the very descriptive term 
of sympathicomimetic compounds. These investigations are of 
interest since they may help to clear up the problem of functional 
groups in the adrenaline molecule. Further, they may give valu- 
able clues to a solution of the very important problem of the 
biosynthesis of the hormone in question. Thus, it has been found 
(see, for instance, DE^^:NE (1940)) that t-yuramine, when incubated 
with suprarenal tissue, is transformed into adrenaline. Several 
other similar compounds have been found to exhibit the same 
property. Though the intermediar}" steps in this transformation 
have not been experimentally determined so far, the result is 
still obviously of great interest. We may finally mention that a 
further incentive to the study of sympathicomimetic substances 
is to be found in the circumstance that several of them have 
found rather extensive applications in practical medicine. 

The foregoing remarks may serve as a partial justification for 
the present note, which arose out of an attempt to study the oxy- 
gen uptake accompanying the biosynthesis of adrenaline. During 
tins work some observations were made, which form the subject 
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of this note, and which, in spite of their incomplete nature, may 
be of a certain interest in the further study of the suprarenals. 

We give below, for reference, and in order to bring out the che- 
mical relationships, the structural formulae of the adrenaline-like 
substances that were studied in the ]ircsent work. 



CH,— 


TjTamine 


OH 

0H\ 


-CHj— CHj— NH, 

cn, 

-CIH— CH— NH, 


HO- 


HO- 




'\ /■ 


^-phenyl-ethyl-amine 


/?-phenyl -isopropyl- 
amine 


-CHj— CHo— NH, 

CHa 

I 

-OH,— CH— NH— CHa Veritol 
OH CH 3 


3,4-dioxy-phenyl-ethyl- 

aminc 


\_CH— CH— NH— CHa Ephedrine (used in its 
- 1 -form) 


Experimental Part. 

The aforementioned amines, the effect of which on the respiration 
of suprarenal tissue was to be investigated, were mostly xised in the 
form of their hydrochlorides or hydrosulphates. 

The respiration experiments to be discussed here were carried out 
as follows: Bull’s suprarenals were used throughout. They were ob- 
tained fresh from the abattoire, where they were placed in an ice- 
cooled container immediately after having been removed from the 
newly killed animal. They were always used in the course of the next 
hour. A piece of tissue was cut out of either medulla or cortex, placed 
on a watch glass and very finely divided into a homogeneous mass by 
means of a pair of bent scissors. A suitable amount of this tissue mass 
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was then suspended in 2 ml bicatbonate Ringer in the main chamber 
of a Warburg vessel. The central chamber contained 0. 2 ml of a 5 
per cent potassium hydroxide solution for the absorption of carbon 
dioxide, and the side chamber contained 0.2 ml of an aqueous solution 
of the amine, the effect of which on the tissue was to be investigated. 
The vessels were placed in a water bath of 37.5° C. Temperature equi- 
librium was reached after 15—20 minutes, and the readings were then 
started. The respiration was followed for 30 minutes, readings being 
taken every lOth minute. At the end of this period the aqueous amine 
solution was tipped into the main chamber, and the respiration again 
followed for a suitable time. 

The above procedure was also applied to certain other tissues, for 
instance liver, the technique being the same in all cases. 

This way of studying the influence of substances on tissue respira- 
tion is simple and rapid, and has the advantage that both controls and 
tests are carried out on the same piece of tissue. It has previously been 
applied with success in studying the effect of various redox compounds 
on the respiration of animal tissue and bacteria (see, for instance, 
Fmedheim (1931), Steex.sholt (1945)). 

In Table 1 we give, in as condensed form as possible, some ex- 
amples of the results obtained by the above method for the effect 
of various s3mipathicomimetic amines on the oxygen uptake of 
suprarenal medulla tissue. We give in the table the oxygen up- 
take after the first 30 minutes' period, at the end of which the 
amine solution is tipped into the main chamber. In the next 
column we give the total oxygen uptake read off on the Warburg 
manometers at the end of another 30 minutes’ period. In all the 
cases given in Table 1 the concentration of the amine solution 
in the side chamber of the Warburg vessel was around m/500. 

Experiments were also carried out ivith 3 — 4-dioxy-phenyl- 
ethyl amine, but since this substance is very liable to autoxida- 
tiou in aqueous solution, the results were not considered suffi- 
ciently clearcut to justify their being included in Table 1. 


Table 1. 

Effect of certain amines on os:ygen uptake of suprarenal medulla tissue. 


i 

Amjne 

Oxygen uptake 
after 30 minutes 
in. emm 

1 

j Oxygen uptake 

1 after 60 minutes 
j in emm 


26.7 

115.6 


15.2 

135.6 


23.0 

137.1 

Vf>r!fr\l 

17.4 

108.0 


10.0 

95.3 
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A considerable number of similar experiments were carried out 
with each of tbe amines referred to above, thereby varying the 
concentrations of the amine solutions, the amount of suprarenal 
tissue, and also the length of the experiment. Double experi- 
ments were carried out, using bicarbonate Ringer in one and 
phosphate Ringer in the other series. The results were invariably 
the same in all the cases examined, and were, like the examples 
given in Table 1, characterized by a very marked increase in the 
oxygen uptake after addition of the amine solution. 

Next an extensive series of blank experiments were carried out 
for each of the amines investigated, in order to see whether they 
are oxidi ed nonenzymatically in the presence of .small amounts 
of adrenaline and whether the autoxidation of aqueous solutions 
of adrenaline is influenced by the presence of the amines. It is 
Imown that certain amino acids are nonenzymatically oxidized 
in the presence of small amounts of adrenaline (Blix (1929)). Our 
experiments Avere carried out in exactly the same manner as the 
measurements Avith ti.ssue slices, the tissue being replaced by 
adrenaline solutions. Various different relative concentrations of 
adrenaline and amine were tried for each of the amines, and se- 
veral experiments were also ahvays carried out AA'ith adrenaline 
solutions in AA'hich a part of the compound had been conA'crtcd 
into adrenochrome by oxidation. HoA\*ever, in spite of all efforts, 
the ASTiter Avas never able to demonstrate the slightest increase 
in oxygen uptake in these experiments after the amine solution 
had been tipped into the main chamber. 

SeA’^eral experiments AA'ere carried out to see Avhether for in- 
stance aqueous extracts of the suprarenal medulla shoAved the 
same effect as the medulla tissue itself. This was actually found 
to be the case. Thus, in one experiment, after thoroughly AA'ashing 
the finely cut and ground medulla tissue AA’ith a 0.9 per cent NaCl 
solution, the solution itself showed a A’cry marked increase in 
oxygen uptake upon addition of an amine solution, as in the ex- 
periments referred to in Table 1. The AA’ashed tissue, howeA^er, 
did not shoAA’ any effect. 

Finally the amines under consideration Avere examined AA'ith 
respect to their effect on the ox3’^gen uptake of tissue slices of 
liver, brain, kidney and muscle, mostly from rats. These experi- 
ments showed nothing unusual, and were found to be in com- 
plete agreement AA’ith existing knoAA’ledge of the properties and 
distribution of the enzyme monoamine-oxidase. The suprarenal 
cortex tissue behaved likeAA’ise. 
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In seeking an- explanation for the effects described above our 
attention is naturally directed first towards the amine oxidases, 
and of course in particular the monoamine-oxidase. This enzyme 
is known to catalyse the oxidation of tyramine and ;9-phenyl- 
ethy] amine, and many other similar substrates. It can easily be 
shown to be present in the suprarenal medulla, for instance by 
using butyl amine as substrate. Repeated tests of this kind by 
the present Avriter actually demonstrated the presence of the 
enzyme. This fact furnishes an immediate explanation of the re- 
sults described above in the experimental part of this paper as 
far as tyramine and /9-phenyl-ethyl amine are concerned. How- 
ever, as regards /9-phenyi-isopropyl amine and l-ephedrine it is 
known that they are not attacked by the enzyme (Blaschko, 
Richter and Schlossjiann (1937); verified by the present writer). 
It was further found during the present work that veritol is also 
not oxidized by the mono-amine oxidase. We are thus left with 
three compounds, which give rise to a very great increase in 
oxygen uptake in our experiments, though they are not attacked 
D}’ the mono-amine oxidase. 

It may be noted here that it is now pretty firmly established 
that tyraminase, adrenaline oxidase and aliphatic amine oxidase 
are identical enzymes; there seems very little room for doubt 
that we are dealing with a single monoamine oxidase. 

The phenol oxidases form a group of widely distributed and 
fairly w'ell known enzymes, and it is very tempting to make some 
such enz)’'me responsible for the effects described above. It should 
be borne in mind, however, that a complete explanation is cer- 
tainly not to be found in this direction. Phenol oxidases require 
the presence of at least one phenolic hydroxyl group in the sub- 
strate molecule, and this condition is certainly not fulfilled by 
/9-phenylisopropyl amine. At any rate for this substance another 
explanation must be looked for. 

We have already above, in the experimental part of this paper, 
drawn attention to the work of Blix (1929), and pointed out the 
possibility of adrenaline acting as a nonenzymatic catalyst. How- 
ever, explanations along these lines do not appear tenable in view 
of the blank experiments pre\dousiy described. The same applies 
to adrenochrome and probably also to other oxidation products 
of adrenaline. 
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The outcome of the present discussion is, therefore, that for 
the time being no definite explanation of the effects obsen'^ed 
can be put forward. As a tentative (and probably also very temp- 
ting) working hypothesis one would of course, with all the ne- 
cessary reservation, like to advance the idea that we are dealing 
with new enzymes or enz 3 ''me .systems, capable of attacking the 
substrates in question. In this connection it is jierhaps not out 
of place to recall some results for mescaline (3,4,5-trimethoxy- 
phenyl-ethyl amine), already described in the literature. Bt.asch- 
KO, Richter and Schlossmank (1937) found that this substrate 
is not attacked by mono-amine oxidase preparations from liver 
and intestine of guinea pigs. However, Bernheim and Bernheim 
(1938) foimd rabbit’s liver to contain an enzyme capable of oxid- 
izing the substance. 

Further speculations along these lines seem idle at the present 
time, and must await the collection of further experimental ma- 
terial, which again is a matter for the future. 

The author takes great pleasure in expressing his best thanks 
to Prof. Ege for his generous hospitality and support. 


Summary. 

It is shown that ephedrine, -phen 3 d-isopropyl amine and veritol 
cause a very marked increase in ox 3 ’^gen uptake of suprarenal 
meduUa tissue. The possible explanations of the phenomenon 
are discussed. 
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Of the amines occurring in the animal body choline is one of 
particular interest to the biochemist. This is not only due to its 
role in metabolism, and the importance of the acetylated com- 
pound (acetylcholine) for the regulation of nervous processes, but 
also to the fact that choline contains a methylated amino group, 
as is evident from its structural formula 

(CH,l • N ' CHs • CH, • OH. 

OH 

When the occurrence of substances of this kind in living beings 
had been established, the question immediately arose by which 
processes living cells were able to effect methylations of the type 
required for the synthesis of these compounds. The first to show 
that the animal organism is able to carry out methylation pro- 
cesses was His (188^7). He fed pjoddine to dogs and recovered it 
in the urine as methyl pyridinium hydroxide. However, the in- 
termediary steps involved in these processes remained obscure; 
there was no experimental material available from which to 
decide what substances acted as donators of methyl groups, and 
the transfer mechanism likewise remained hidden. 

^ years ago a change was brought about in this situation 
thanks to the work of nu Vigne-WD, Chandler, Cohen and 
Brown (1940), who have discovered a methylation process that 
may be of rather general importance. Their work may be briefly 
summarized as follows. 



334 


QUNNAR STEBNSHOLT. 


Wlien xats are kept on a clioline-free diet they show symptoms 
of avitaminosis. The growth ceases, and the animals exhibit the 
phenomenon of “fat liver” together with other changes in the 
normal metabohsm. Choline is therefore a vitamin, and it may 
be concluded that the animal organism is not capable of direct 
methylation of amino ethanol, Avhich is regarded as the pre- 
cursor of choline (see BeSt and Huntsmakx (1932), de Witt 
(1941)) without certain dietetic requirements being fulfilled. 
The avitaminotic disturbances did not occur when methionine 
was fed instead of choline. 

Du ViGNEAUD and liis associates now fed methionine the methyl 
group of which contained heavy hydrogen, to rats, that were kept 
on a choline-free diet. From the organs of these animals it proved 
possible to isolate choline the methyl groups of Avhich contained 
deuterium. It was also found that the symptoms of avitaminosis 
did not occur when the rats were kept on a diet containing no 
methionine, but homocystein and betain instead. From this it 
may be concluded that the methyl group of methionine can be, 
transferred to the precursor of choline, and that homocystein re- 
ceives methyl groups from betain and is thereby transformed into 
methionine. The whole process can be described as a transmethy- 
lation, and may be formulated as follows (see Weble (1943), 
where an interesting review is given of this and several other 
problems connected with biogenic amines): ^ 

3HS • CH, • CHs • CH(NH 3 ) • COOH +’ (CH,), • N • CH, • COO' + 
Homocystein Betain + Enzyme 

3 CH 3 • S • CH 3 • OH, • CH(NH 3 ) • COOH -f H„N • CH, • COOH 
Methionine Glycine 

3 CH 3 • S • CHj • CH 3 • CHfNH^) • COOH -k H^N • CH, • CH^ • OH 
Methionine Ethanol amine 

+ Enzyme 

SHS^ciPcH, • CHlNHj) • COOH-ffCHa)^ • N(OH) • CH, • OB., • OH 
Homocystein Choline 

As is indicated in the above equations the transmethylation is 
probably catalysed by an enzyme or an enzyme complex. 

All preAuous work on the methylation of amino ethanol seems 
to have been carried out on intact animals by the method of iso- 
topes. It is probably not uninteresting to try to investigate the 
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same reactions by means of tissue slices or tissue extracts and 
more direct methods of choline determination. The writer has 
made some attempts in this direction, and the present note is a 
report on the results obtained so far. 


Experimental Part. 

Biological malcrial. Rat liver or rat muscles were used throughout. 
The animals were from 3 to 5 months old, and had been kept on a diet 
believed to be sufficient in all respects. They were killed by decapita- 
tion and the organs to be used removed immediately after death. 

JDcicrmniatio7} of choline. It was decided to apply a colorimetric 
method, since this is probably the more convenient procedure for 
series detenninations. In the colorimetric determination of choline 
two methods are preferred: 

1) Determination as choline iodide (Roman (1930)); 

2) determination of the choline reineckatc (Beattie (1936)). Pre- 
cipitation of choline by Reiuecke salt is a method of considerable 
sensitivity, and is perhaps the most widely used method for this pur- 
pose. The determination is carried out by measuring colorimetrically 
the reddish colour imparted to acetone by choline reineckate. How- 
ever, only relatively concentrated solutions furnish sufficient colour 
for accurate determinations. It may therefore be regarded as a con- 
siderable progress when Rossi, Mabekzi and Lobo (1942) studied 
photometrically the method for determining the chromate ion (CrO~) 
by a procedure based on the reaction of Cazenettv'e (CAZENEmm 
(1900)), and found that it could be used for the determination of chro- 
mium in reineckates. On this liasis JLvrenzi and Cabdini (1942) de- 
veloped a new method for the determination of choline, which is 
claimed to be considerably more sensitive than those previously 
described. This procedure has therefore also been applied in the 
pre-sent work. 

The technique is as follows: 

licagents. 

Saturated solution of ammonium reineckate in distilled water, pre- 
pared at the time of using. The concentration of the solution is ap- 
proximately 4 per cent. 

96 per cent alcohol. 

60 per cent acetone. 

10 per cent HaOH. 

10 per cent (by volume) sulphuric acid. 

0.2 percent diphenyl carbazide in 96 per cent alcohol. This solution 
first acquires a faint rosy colour, which deepens after a few days. The 
solution can be used nevertheless, but the present writer has usually 
worked -unth solutions which were never allowed to become more than 
4 to 5 days old. 
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The amount of choline to be determined varies between 15 and 
100 y. The volume of the sample may range from 1 to 3 ml. The sample 
is placed in a centrifuge tube with slender end and an equal volume 
of an aqueous solution of ammonium reineckate is added. The tubes 
are then placed in ice water for at least 20 minutes in order to com- 
plete the precipitation of choline. The writer has found, in agreement 
with Makenzi and Cabdini, that longer chilling- does not affect the 
results. The precipitate is spun down in the centrifuge (4. minutes at 
3,000 R. P. M.). At the end of the period of centrifugation the super- 
natant liquid is removed as completely as possible without loss of 
precipitate by means of a fine tube provided with a suction bulb. The 
precipitate is washed Avith 0.5 ml ice cold 96 per cent alcohol two or 
three times. The operation must be carried out with care lest some 
of the precipitate lie lost. 

The tubes are again chilled for a few minutes and centrifuged; the 
washings are repeated as described above. The supernatant liquid is 
now usually colourless, or almost so, but sometimes a third washing 
has proved necessary. 

The precipitate is then dissolved in about 1 ml of acetone and the 
solution is transferred to an ordinary test tube. The centrifuge tube 
is rinsed 2 or 3 times with 1 ml 60 per cent acetone and the wasliings 
are collected and added to the solution in the test tube. We then add: 
1 or 2 ml of water, 0.2 ml of sodium hydroxide and O.i ml of perhydrol 
for each 50 y choline in the sample. Thus prepared the tube is placed 
in a boiling water bath. The heating is carried out carefully due to 
the rather rapid evaporation of acetone to begin with. After most of 
the acetone is evaporated the tubes are kept in the bath for 20 to 30 
minutes. Finally they are heated over a naked flame for a few seconds 
to make sure the perhydrol is completely eliminated. 

During the heating the liquid acquires a yellow colour. After the 
oxidation of the chromium the tubes are cooled and diluted with 3 or 
4 ml of water. 2 ml of sulphuric acid are added together with sufficient 
diphenyl carbazide solution to give a final concentration of 8 per cent. 
The liquid is finally diluted to an appropriate volume in a suitable 
measuring flask, in our work to 25 ml. The photometric measurements 
were carried out with the Pulfrich photometer, using filter S-53. The 
comparison tube contained a blank consisting of 2 ml of sulphuric 
acid and 2 ml of diphenyl carbazide solution made up to a final volxune 
of 25 ml. 

A calibration curve is conveniently used. 

Substrates. The methionine was a Hoffmann-la Roche product. The 
ethanol amine was partly a commercial product, carefully purified by 
repeated distillations, and partly synthesised by the writer according 
to Knorr (1897). Briefly described this method consists in leading a 
stream of ethylene oxide through a concentrated aqueous ammonia 
solution and subsequently fractionating the reaction mixture. The 
yield is unfortunately not very high, but was found satisfactory' since 
only small amounts of the substance were needed in the present work. 
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Botli samples were found to behave in the same way in all the experi- 
ments described below. ^ 

For deproteination a 10 per cent trichloroacetic acid solution was 
ordinarily used, but in all the experiments to be described below we 
also carried out parallel e.xperiments with a 35 per cent solution. In 
many cases the deproteinated reaction mixture had to be diluted with 
water (usually in the ratio 1 : 5) before analysis, in order to work in 
a convenient range on tlie photometer scale. 

Our experiments first aimed at demonstrating the methylation 
of ethanol amine to choline in vitro. A typical experiment was 
carried out as folloAvs: 

The muscles from the hind legs of a rat were finely di^dded on 
a watch glass by means of a pair of bent scissors. If the mincing 
was carried out properly the quantitative handling of the tissue 
could be done with considerable accuracy. In a small flask A 
were placed 

0.3 g minced muscle tissue 

0.05 ml etbanol amine 

40 mg methionine 

4 ml Mcllvaine s phosphate-citrate buffer solution (pH ^7.1), 
A similar flask B contained exactly the same amounts of tissue 
and reagents, but no methionine. Both flasks were incubated at 
38° C for 12 hours. At the end of this period 16 ml 10 per cent 
trichloroacetic acid were added to each flask and the contents 
stirred. After 30 minutes it -was spun down in the centrifuge and 
2 ml of the deproteinated liquid were removed for choline anal- 
ysis according to the method of JIabenzi and Cardini. Double 
analyses Avere, as always, carried out. In table 1 below we give 
the results of three such experiments carried out on muscles 
from three different animals. The table gh’^es directly the photo- 
meter readings. 

Table 1. 



Flask A 

Flask B 


(Double analyses) 

(Double analyses) 


0.13 

0.44 

0.37 

0.37 


0.59 

O.oo 

0.45 

0.46 


0.55 

0.56 

0.40 

0.41 


(Each figure in the table is the mean of 5 independent readings.) 


In several further experiments of the same type the results 
were qualitatively of the same nature, the relative increase of 

2'2 452546. Acta vliys. Seandinav. Vol.lO. 
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the amount of choline in flask A being of the same order of mag- 
nitude in all cases. 

A series of experiments of the same type were also carried out 
with minced liver tissue. AYe shall quote below only a single set 
of three experiments carried out on liver tissue from one and the 
same animal; this may serve to show the nature of the results 
for this kind of tissue and at the same time, together with table 
1, give an idea of the accuracy of the work. 

Mask A contained 
0.5 g minced liver tissue 
0.05 ml ethanol amine 
40 mg methionine 

4 ml Mcllvaine’s phosphate-citrate buffer (pH 
As above flask B contained no methionine, but otherwise ex- 
actly the same amounts of tissue and reagents as flask A. The 
flasks were incubated for 12 hours at 38° C, and at the end of 
this period 10 ml 10 per cent trichloroaeetic acid solution were 
added to each of them. After stirring, the mixtures were left 
standing for half an hour. They were then centrifuged and 2 ml 
of the liquid removed for choline analysis. The results are given 
in table 2. 


Table 2. 


1. experiment 

2. experiment 

Flask A 

(Double analyses) 

Flask B 

(Double analyses) 

1.47 1.47 

1.44 1.47 

1.47 1.47 

0.9G 0.97 

0.97 0.97 

0.9C 0.9G 

3. experiment 


(Each figure in the table is the mean of 5 independent readings.) 

The results of several other experiments of this type were of 
the same kind, and hence very similar to those obtained for muscle 
tissue. 

It was foimd in separate experiments that the presence of 
methionine does not disturb the determination of choline by the 
method of Marenzi and Cardiki. Blank experiments w'ere car- 
ried out by incubating methionine with minced muscle or liver 
tissue, and also by mixing and incubating solutions of metliio- 
nine and ethanol ainine. No choline synthesis could be demonstra- 
ted in these cases. 

In all this work the course of the reaction was followed for 
periods of time varying from 4 up to 15 hours. The relative 
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amounts of muscle or liver tissue, ethanol amine and methionine 
were also STOtematically varied. However, since the results were 
qualitatively the same as in the .cases reported above, showing 
a considerably higher amount of choline in flask A than in flask 
B, we shall refrain from burdening this report with the mass of 
all the numerical deta’ls. 

If the minced- tissue prior to the experiments had been heated 
to 70 — 80° C, no increase in the amount of choline could be ob- 
served. 

Slany experiments along analogous lines were carried out in 
order to investigate the influence of various buffers on the course 
of the reaction. The following buffers were examined 
Borate — HCI (pH ~7.7) 

Acetic acid — sodium acetate (pH ~6.1) 

Veronal — acetate (pH ~ 6.5) 

Ammonia — ammonium chloride (pH ~ 8. 1) 

Phosphate — borate (pH 7. 7) 

Ordinary phosphate buffer (pH ~7.0) 
lilcllvaine's phosphate-citrate buffer. 

The reaction was found to work by far best in Mcllvaine's buf- 
fer, but no definite erddence could be obtained from which to 
decide whether the presence of phosphate is necessary for the 
reaction. 

In order to study the effect of the hydrogen ion concentration 
on the course of the reaction a series of experiments were carried 
out using Mcllvaijic’s buffer. In a typical experiment flask A 
contained 

0.3 g minced muscle tissue 
0.05 ml ethanol amine 
40 mg methionine 
4 ml Mcllvaine's buffer solution. 

Flask B contained no methionine, but its content was other- 
wise identical with that ol flask A. The relative increase in the 
amount of choline was computed from the experimental data, 
and the quantity thus obtained, expressed in per cent, was de- 
termined as a function of the h 3 ^drogen ion concentration. Fig. 1 
gives the result in diagrammatical form. For liver tissue quite 
similar results were obtained. Further numerical details can 
probably be left out here. The main characteristic of the effect 
under examination, i. e. the pH optimum near the neutral point, 
is brought out sufficiently well in the diagram. 
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rig. 1. pH dependence of the methylation of ethanol amine. Abscissa: pH; 
ordinate; relative increase (in per cent) of choline in flask A. 


finally several attempts were made to obtain the enzyme or 
enzymes presumably responsible for the effects observed, in 
aqueous solution. We carried out this work by carefully mincing 
and grinding the tissue with sand, and then extracting with 
water or aqueous salt or buffer solutions (for instance physiologic- 
al saline, Einger, ordinary phosphate buffer, Mcllvaine's buffer 
solution) for periods of time varying from 3 liours up to 2 days. 
The amount of solvent used for the extraction was also syste- 
matically varied. However, all extracts were found to be inac- 
tive; further numerical details are therefore of no interest. Both 
liver and muscle tissue gave identical results in this respect. 

Discussion. 

We are probably justified in drawing the conclusion from the 
exj)erimental material presented above, that muscle and liver in 
the rat contain an enzjane or enzyme system capable of catalysing 
the transfer of methyl groups from methionine to ethanol amine, 
the ethanol amine being thereby converted into choline while 
methionine is demethylated to homocysteine. It seems at pres- 
ent that these enzymes are rather firmly bound to the cell 
structures, though of course the possibility remains that more 
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efficient methods of extraction than those applied in the present 
paper may later on prove successful. 

The further work reported above does not call for much com- 
ment. Many problems concerning the enzyme systems in question 
still remain open, for instance the question of their distribution 
in rhe body and among the different species, the existence of 
activators and inhibitors et cetera. Their investigation must be 
left for future work. 

The ■writer is glad to express his best thanks to Prof. Pi. Bge 
for his generous hospitality and support. 

Summary. 

From in "vitro experiments e'vidence is gathered that muscle 
and liver tissue in the rat are able to catah^e the methylation 
of ethanol amine to choline, the methyl groups being furnished 
by metliionine which is in turn demethylated to homocysteine. 
Some of the properties of the enzyme system in question are in- 
vestigated. 


References. 

Beattie, F. J. R., Biochem. J. 1936. 30. 1554. 

Best, C. H., and M. E. Huntsman, J. Physiol. 1932. 75. 405. 
Cazeneuvb, a., Analyst. 1900. 23. 331. 

His, W., Arch. exp. Path. Pharm. etc. 1887. 22. 253. 

Knorr, L., Ber. dtsch. chem. Ges. 1897. 30. 909. 

Marenzi, a. H., and C. E. Cardini, X biol. chem. 1943. 14:7. 363. 
Rojlan, W., Biochem. Z. 1930. 219. 218. 

Rossi, L., A. D. Marenzi, and R. Lobo, An. farm, y bioquim. 1942. 
13. 1. 

DU Vigneaud, V., X P. Chandler, M. Cohn and G. B. Brown, X 
biol. chem. 1940. 134. 787. 

Werle, E., Die Chemie. 1943. 56. 141. 

DE Witt, Stetten jr., X biol. chem. 1941. 140. 143. 



From the Kigshospital, Copenhagen, Department A. 


A Pulse Time Recorder. 

A Simple Apparatus for Recording Time Intervals 

as Ordinates. 

By 

SVEND JOHNSEN. 

Received 4 September 1945, 


In 1930 Fleisch designed a pulse time recorder, an apparatus 
for recording as ordinates the time intervals between pulse beats. 
In principle and accuracy this device was so superior to all pre- 
vious apparatuses that they need not be mentioned here. 

In Fleisch’s p\ilse time recorder a lever recording on a drum 
is elevated at a constant speed by a motor. "With the impact of 
the pulse the lever becomes electrically released from the motor, 
whereby it drops, to be instantly recoupled to the motor. Every 
pulse interval is registered as an ordinate corresponding to 
the height to which the lever is elevated. By means of various 
arrangements Fleisch succeeded in recording every pulse inter- 
val with an accuracy of i 0.004 sec. 

The drawback of this instrument, however, is that it is ex- 
tremely complicated and therefore expensive. 

On the presupposition that in the course of physiological, phar- 
macological and clinical studies one desires more often to deter- 
mine relative differences in pulse frequencies, when the experi- 
mental object is subjected to various influences, than absolute 
values, I have attempted to construct a more simple time ordi- 
nate recorder. 

The Pulse Interrupter. 

The time ordinate recorder reqmres that the oscillations whose 
frequency is to be determined can make and break an electric 
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circuit. In testing the pulse this is best obtained bj employing 
Pleisch s pulse pad. Only the following brief description need 
be given, interested readers being referred to the articles cited 
below. 

A thin rubber membrane GM (fig. 1) over a small tambour PP 
is pressed outwards by a mercury column about 60 mm high in 
a narrow tube GK. When the 
tambour is placed upon the 
radial artery where it comes 
close to the radius, the mem- 
brane will be pressed in 
against the arterj'. Each 
pulse beat will move the 
mercury column, and, as the 
bore of the mercury tube is 
small (1.5 mm), the difference 
in the height of the mercury 
between systole and diastole 
is more than sufficient for 
securing contact with a plat- 
inum wire Pt which is in- 
serted from above down into 
the tube. The average height 
of the mercury column must 
be constant all tbe time, and 
therefore it is in completely 
open connection (also during 
the recording) with an adjustable levelling bulb EG. This pulse 
pad acts satisfactorily, even Avith protracted recording. 

The Time Ordinate Recorder. 

Principle: A steady stream of air is fed into a Marey tambour. 
Each pulse beat must allow the air to escape again rapidly and 
completely. The length of the pulse interval determines to what 
degree the tambour is inflated. 

Across a Marey tambour T (fig. 2) lies a lever V, which ter- 
minates in the recorder Sk. The tambour is connected to a metal 
T-tube R. Attached to the lower arm of the T-tube is a length 
of rubber tubing for the air feed. Soldered on to the T-tube is a 
casing containing a solenoid M with an iron core. Above the 



Fig. 1. From Abderhalden V, 8 . page 916: 
Fleisch’s pulse pad. For description, see 
text. 
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solenoid is an armature K turning on the axis Ak and acting as 
a valve on the upper arm of the T-tube. The armature is elevated 
by a spring. The solenoid casing is mounted on a rod St, by means 
of which the entire apparatus can be attached to a stand. 

If there is to be good proportionality between the length of 
the time interval and the ordinate, the air feed to the tambour 
must be steady and independent of whether the membrane is 
inflated or not. This is secured by feeding the air in at a pressure 
which is high compared with what is required to inflate the mem- 



Fig. 2. Photographic reproduction of the time ordinate recorder. 

For description, see text. 

brane. Empirically, 1 atm. has been found to suffice. The easiest 
method is to employ a steel cylinder of compressed air with a 
reduction valve. Immediately in front of the tambour is the 
screw clamp Ks, which regulates the flow of air through the rub- 
ber tube. By this means the air in the reduction valve and the 
rubber tube does not form part of the air to be let out of the 
tambour; so the tambour is deflated more rapidly. The tambour 
must be fitted ■with a safety valve Si to avoid its bursting. 

When a current is passed through the solenoid M tlie armature 
K is depressed, thereby closing the tube R; the tambour is in- 
flated at a speed determined by the position of the screw clamp. 
When the current is shut off, the air escapes. By inflating the 
tambour membrane to a high tension, by making the internal 
capacity of the tambour small and giving ample dimensions to 
the T-tube, it is possible to make the tambour empty itself at a 
speed more than sufficient to register all pulse frequencies likely 
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varied somewhat from time to time. A really exact time-inter- 
rupter is difficidt to make. Mg. 4 shows a curve drawn by the 
time ordinate recorder in connection with the metronome. The 
difference between the longest and the shortest ordinates is barely 
3 per cent, of the entire length. It was impossible to decide whether 
this error was due to the metronome or to the time ordinate 
recorder. For the purpose of ascertaing the error over a longer 
period a curve was made extending over half an hour. The error 
did not exceed 6 per cent. The average ordinate in each minute 



Pig. 4. Time curve when a metronome is used as the interrupter instead of the 

pulse pad. See text. 

was constant throughout the whole experiment, from which it 
may he concluded that the air supply to the tambour was con- 
stant. 

In longer experiments the average ordinate pro\ddes a correct 
expression of the time interval. On the other hand the length 
of each separate ordinate may have an error not exceeding ± 3 
per cent. 


Applications. 

This time ordinate recorder was designed for pulse examina- 
tions on man. 

It is one great advantage of the instrument, however, that it 
is capable of rapid adjustment to very different frequency ranges 
merely by regulating the air feed to the tambour. It can be used 
right from pulse examinations on small experimental animals (a 
reliable pulse interrupter for animal experiments is described by 
Tnxso and Tootson (1935)) to tests of the respiration frequency 
of man. 
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Fig. 5. Pulse time curve of a normal man witli a: steady respiration, and L; ar- 
bitrarily deep respiration. Time recording: 1/lOth minute. 


The air feed to the tambour not being fixed from one experi- 
ment to another, the length of the time intervals cannot be read 
directly from the ordinate. In most investigations where the 
object is merely to study relative frequency changes Avith various 
influences on the experimental individual, this is of no conse- 
quence. If absolute values are required, the instrument can be 
adjusted for each experiment in the following manner: 

Immediately after draAving the time curve the recorder (AA’ith- 
out altering the air feed) is made to register on a rapidly rotating 
drum together Avith a time recording of 1/lOth or 1/lOOth sec. 
(determined by the frequency range to Avhich the instrument is 
adjusted). Then when the current to the solenoid M is closed, the 
lever will rise at the same speed as during the experiment and 
record a long oblique line on the drum. From this line can be 
read the time interval corresponding to a certain ordinate. One 
draAvback is that this must be done after each experiment, as 
one cannot rely upon the air feed being constant from one ex- 
periment to another (Avhen the air cylinder has been shut off in 
the meantime, etc.). 

Finally, Fig. 5 shows a pulse time curve made by a normal per- 
son AA'ith steady (a) and arbitrarily deep respiration (b). The 
respiratory arh3d;hmia is very manifest. 
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Summary. 

The author describes a simple and inexpensive apparatus for 
recording time intervals as ordinates. The instrument, which is 
easily adjustable for widely different ranges of frequencies, is most 
suitable for the determination of relative frequency differences. 
When absolute time intervals are desired it must be calibrated 
after each experiment. 
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In a previous paper, one of us (Westman, 1942) reported on a 
hitherto unknown functional sphincter mechanism in the cervix 
uteri. According to the degree of contraction of this sphincter, 
the superior part of the cervical canal is patent, constricted, or 
closed. If closed, the passage from the vagina to the uterine 
cavity is, of course, obstructed. Under certain conditions, it is 
possible to demonstrate that the muscles of the cervix work 
rhythmically. 

No definite sphincter structure has been demonstrated ana- 
tomically. ScHEODER (1930) pointed out, how-ever, that the su- 
perior portion of the cervical canal is narrower than the inferior 
portion. Below the internal os the cervical wall contains spiral 
muscular fibers, which form a marked ring directly under the 
mucosa. 

In the present investigation the cervical sphincter is submitted 
to a more exhaustive study. 

Method and material: In connection with laparotomy, in most 
cases performed because of sterility, a fine cannula was inserted 
through the wall of the fundus with its point projecting into the 
uterine cavdty. The cannula was connected with an insufflation 
apparatus according to Rubin, and the pressure was measured 
manometrically and also registered on a kymograph. Two spe- 
cially constructed apparatuses were used alternately. The chief 
difference between them was that in one instrument the rate of 
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insufflation vas about 350 cc. of carbon dioxide per minute and 
the tymopaph rotated 37.5 mm. per minute, while the corres- 
ponding figures for the other instrument were 200 cc. and 14.5 
mm. 

Forty-six cases were examined in this way. In 45 of them 
menstruation was regular, and previous examination of the mu- 
cosa in the premenstrual phase had reAmaled a sercretory phase. 



Kg. 1. Days in the cycle on ■whicli investigations vrere performed. 

o Rate of insufflation: about 350 cc COj per minute. 

• Rate of insufflation: about 200 cc COj per minute. 

The remaining patient was amenorrhoic. The uterus was grossly 
quite normal in all the cases. As will be seen from tbe diagram 
in Figure 1, the operation was performed in most of the cases 
between the fifth and the twentieth day of the cycle. In only 
three cases could the recording be done premenstrually, and in 
no case, of course, could it be done during menstruation. 

On insufflation directly in the uterus, the pressure required to 
make the gas pass out into the vagina varies from case to case. 
This is due to the more or less tenacious clot of mucus in the 
cervix and partly also to the tension of the cervical muscles. An 
initial pressure of 100 mm. of mercury or more is often required 
to sweep away the mucus. The curve then drops, and the pressure 
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required thereafter ranged in the majority of the present cases 
between 30 and 76 mm. of mercury. 

Under the experimental conditions described herein, the gas 
generally passes through the cervical canal in a rhythmic fashion, 
due to the intermittent contractions of the muscles forming the 
functional sphincter. When studying these fluctuations, con- 
sideration should be given to three main factors that may influence 
the passage of the gas: a) the anesthesia, b) the pressure in the 
uterine cavity and c) the rate of insufflation. 


X 

E 



*320 *200Vmin. 

Fig. 2 . Eegistration on the 15th day of the cycle. 

a) With general anesthesia, the cervical musculature is relaxed, 
and the above-mentioned contractions are lacking. As soon as the 
patient begins to regain consciousness, however, contractions can 
be registrated. The curve recorded on the kymograph then as a 
rule runs a very regular course. If the operation is done under 
spinal anesthesia, it will be noted that contractions can be seen 
from the very beginning. 

b) The contractions in the cervical sphincter are not dependent 
on or definitely related to the gas pressure in the uterine cavity; 
this is true, at least, of the pressures in the present experiments, 
which never exceeded 150 mm. of mercury. This fact is illustrated 
in Figure 2. At the beginning of the experiment the pressure was 
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about Sr> inm. of ujorcury. At X the cervix for some reason rc- 
mainea open a few seconds longer than usual. The intra-uterine 
pressure dro]ipcd. after which the cim*e exhibited n faint modi- 
fication of rb.ytlim at s\ gas ]wcssurc of 70 mm. 

c) The rhythm is practic.ally independent of the rate of insuffla- 
tion used. Tht.s fart, t<to, is illustrated by Figure 2. At XX 
the insufflation rate was decreased from about 820 cc. a minute 
to about 200 rr. a minute. The frequency of the contractions 
was not changed appreriably, hut the mean amplitude naturally 
tlecnvnsed. 


urA THsciis.slim: 

Numerous obsercntions on the function of the cerncnl sphinc- 
t*-r both ttnder spinal anesthesia and following section of the pre- 
srwnd unve indicate that the .sphincter i.s not under direct ner- 
vous c'lntToh It might therefore he assumed that it is the changes 
in the product ion of the ovariaji hormone during the menstrual 
cycle th.nt influctsce the muscles in que.stion. In order to appraise 
the import .ance of the. hornuma! factors, it would naturally bo 
'deeirable to m.ake a scries of examinations on one and the same 
case. Since- fhi-< Is out of the question, the only alternative is to 
cornp-ire cases exarnirjed on npproxinintol3' the .same dn\' of the 
ct'cb’. In this connection consideration was piven to the fre- 
quency of the contractions. 

In four the cervix was patent and the g.a.s was able to 

pour Crtrely out into the vagina the whole time the registration 
w.fi« taking pinre, Tw<j of these were .studied on the sixth day, 
tme of tijf'm wa-K studied on the clovmtli .and one on the twenty- 
firsit day of the cycle (Fig. 1). In all the other cases contractions 
were recc’rdcid. In genenil the frcquenc}* of the contractions was 
two to four per minute with a range of l.o to 7 per minute. As 
indicaietl hv tlie diagr.am, liierc was no definite connection between 
the rontr.ac-tion frequency and the time of the men.stnial cycle 
a* which She recording was done. In some cases the curves at the 
heginning of the cj'ch* exact h’ re.semhlc tho.se at the end of the 
cycle. Th*:- investigation thu.s jirovides no evidence that the func- 
tion of the cervical muscles i.s direct U' controlled hj' the ovarian 
hormone. That such i.s not the case- is also suggested hy the fact 
that one case with amenorrhea exhibited a rli^’tlim similar to 
that of cert.ain other case.s examined during both the first and the 
second half of the cj'cle. 

Jrfr) Fcattdinac. Vo!. 10. 
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TKe mechanism hy -which, the cervical sphincter is regulated 
has not yet been determined. Studies are being conducted to 
determine -whether certain chemical substances in the semen exert 
any influence. 

It is, of course, highly probable that the muscular actmty of 
the cervix is of the greatest importance to the transport of sperm. 
Experimental investigations indicate that this is the case in cer- 
tain species of animals. 

The normal contraction of the muscles that keeps the cer-cical 
canal closed for the most part is probably one of the protective 
measures aimed at blocldng the passage of germs and the like 
to the internal genital organs and the abdominal camty. 

Summary. 

In 46 cases carbon dioxide "was insufflated during laparotomy 
into the uterine ca-vity through a narro-w cannula passed through 
the uterine wall -with the point projecting into the ca-sdty. The 
experiments confirmed the observation made earlier by West- 
man of a functional sphincter in the uterine cervix. When the 
cervix is patent the insufflated gas passes freely out into the 
vagina. In most of the cases the sphincter was closed and the 
passage through the cer^ucal canal was blocked. Under the given 
experimental conditions a characteristic rhythm -wiU be observed 
in the muscles of the cer-vix. This rhythm does not change in any 
typical manner during the different phases of the menstrual 
cycle. The biologic significance of the cermcal sphincter is dis- 
cussed. 
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BiliruMn in Urine and Other Secretions apart 
from the Bile and in the Cerebrospinal 
and Eye Liquors. 

By 

TORBEN K. WITH.' 
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In jaundice when the bilirubin excretion with the bile does not 
take place to the normal extent the bilirubin is known under 
certain circumstances to appear in the urine. But while this phe- 
nomenon is comparativelj well known our knowledge of its appear- 
ance in other secretions and excretions as well as in the body- 
fluids is v^ery limited, and the problems concerned are only sum- 
marily dealt with in the more recent literature. The bilirubin 
content of various secretions has, however, attracted new interest 
after it has been shown that the bilirubin of the serum is not 
freely diffusible but forms a stable compound with the serum 
albumin (Bestxholi), 1932; Pedeesen and Waldensteom, 1937). 
Theoretically the consequence of this protein ligation of the 
serum bilirubin would be that only secretions from glands with 
a special capacity for the excretion of bilirubin (loosening of the 
albumin-bilirubin ligation) could contain bilirubin, while aU other 
secretions were free from bilirubin even in cases wdth severe jaun- 
dice. 

In the following some observations on the occurrence of bili- 
rubin in various secretions, excretions and body fluids are pre- 
sented as well as some observations on the excretion of bilirubin 
through the kidneys. 

' The studies presented here were aided by a grant from Froken P. A. Brandt s 
Legafc. 
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Previous Investigations. 

The escretion of bilirubin with the urine has been studied by several 
authors while observations on the bilirubin content of other excretions 
and secretions are found almost exclusively in the older literature. 

Uriiie: Most authors are of the opinion that bilirubin does not appear 
in the urine unless the bilirubin of the serum gives the so-called "direct” 
diazo reaction (Hijmans van den Bekgh). The hypothesis has been 
advanced that only bilirubin gmng the direct diazo reaction can pass 
through the kidneys while indirect reacting bilirubin is unable to do so. 
In earlier papers (With, 1943; 1944) the author has, however, shown 
that the type of the diazo reaction of the serum bilirubin cannot be of 
primary importance to the excretion of the bilirubin with the urine, 
and that the serum bilirubin concentration is of considerably greater 
interest to the occurrence of bilirubinuria than the type of diazo 
reaction of the serum. 

In man the excretion of bilirubin with the urine does only take 
place when the serum bilirubin concentration reaches a certain thresh- 
old level; in the dog, however, bilirubinuria occurs even with minute 
traces present in the serum, and various animals show great differences 
in this respect; but the behavior of bilirubin in different animals has 
been a field of study which has hitherto attracted only little attention. 

HIJJLA.NS VAN DEN Bebgh (1918) found a threshold value of about 
2 mg. bilirubin per 100 ml. serum in man, and several later investiga- 
tors using the same analytical technique have arrived at similar re- 
sults. 

Faltitsohek and Hess (1936) were able to demonstrate the absence 
of bilirubinuria in three cases of severe jaundice — serum bilirubin 
between 7 and 20 mg. per 100 ml. — suffering simultaneously from 
pronounced renal insufficiency and concluded that the threshold value 
depends on the kidney junction. And as the serum bilirubin is protein 
bound and therefore unable to pass the glomerular filter it seems 
very likely that active kidney function must be essential for the oc- 
currence of bilirubinuria. 

That the human serum threshold shows considerable individual 
variation was shown by Retzlaef (1923) and Andbewes (1924). 
Meulengbacht (1920) found the threshold value at icterus index 
40 — 50 which corresponds to 3 — 8 mg. bilirubin per 100 ml. serum 
according to the investigations of With (1942, a; 1943, a, b). 

Babino WITCH (1932) is of the opinion that bilirubin is often found 
as traces in the urine even when the serum concentration is normal, 
but the minute urmary concentrations found by this author are below 
the limit of accuracy of the existing analytical methods. 

^ The only author who has hitherto carried out simulia^iecnis quantita- 
tive determinations of bilirubin in urine and serum is Biesel (1939) 
who used the hydrochloric acid method of Heiljieyer (1938) for the 
serum analyses and a modification of this method — including precipi- 
tation of the urine with BaCL and colorimetric measurement of the 
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color produced by addition of concentrated bydrocbloric acid for 

tbe urine analyses. The result of his investigations is given in a diagram 
vdth columns from which it is seen that the urinary concentration of 
bilirubin was 10 — 30 % of the serum concentration in hepatitis (10 
cases) while it was 40 — 90 % of the serum concentration in occlusive 
jaundice (9 cases); the absolute values of the concentrations are un- 
fortunately not marked in the diagram. 

In ilie neivborn the tJiresJiold lies much higher thari in the adult — about 
18 mg., per 100 ml. serum — according to the investigations of Larsen 
and With (1943). 

Sioeat: Some investigators have found small amounts of bilirubin 
(Freeichs, 1858, p. 109; Mullee, 1887, p. 73; Leube, 1888) while others 
have foxmd the sweat free from bilirubin even in intense jaundice 
(Eppingee, 1937, p. 98). 

Milk: According to Freeichs (1858, p. Ill) the milk of icteric 
mothers contains bilirubin, but Umber (1926, p. 27) states that the 
milk of icteric mothers is bilirubin free. 

All other secretions and excretions which have been subject to in- 
vestigation — tears, saliva, gastric juice, enteric juice, pancreatic 
juice, vaginal secretion — are bilirubin-free according to all authors 
(Freeichs, 1858; Leyden, 1866; Muller, 1887; Eppinger, 1937). 

The bilirubin content of various body fluids is mentioned by several 
more recent authors. 

Cerebrospinal Fluid: According to some authors the cerebrospinal 
fluid is always bilirubin-free even in the case of severe jaundice (Boech- 
AEDT, 1923; Saiki, 1931; Eppinger, 1927, p. 98) while others have 
found small amounts of bilirubin — a few per cent of the serum con- 
centration at the highest — in the cerebrospinal fluid in cases of jaun- 
dice of long duration (Gundell and Jacobi, 1926; De Castro, 1930); 
according to these authors the duration of the jaundice is significant 
to the occurrence of bilirubin in the cerebrospinal fluid as it is always 
absent in recent cases even of severe jaundice. 

The Fluids of the Eye: The bilirubin content of the aqueous humor 
and the vitreous humor in persons suffering from jaundice does not 
seem to have been discussed in the literature. The so-called xanthopsia 
which occurs in some rather rare cases may be caused by bilirubin in 
these fluids but may also be due to other reasons — as bilirubin in 
the cornea or in the vessels or lymphatics of the retina. 

Pure transudations are always bilirubin-free even in cases of severe 
jaimdice, but inflammatory exudations as well as secretions from glands 
which are the seat of inflammation may contain bilirubin from the 
extravasation of blood caused by the inflammation (c/. Eppinger, 
1937, p. 98; Borchaedt, 1923; Saiki, 1931). 


Author’s Observations. 

In the investigations presented here the serum analyses were i^er- 
formed with Jendrassik and Geof’s (1938) method as modified by 
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tte author (With, 1942 a, 1943 a). To urine and the protein-free secre- 
tions the method of the same authors for urine was used (c/. With, 
1942 b). 


Sweat, Tears, Saliva, Gastric Juice jind Milk. 

In ten patients with severe jaundice — four with ocelusive jaundice, 
six with hepatitis ■ — with serum bilirubin concentrations between 10 
and 24 mg. per 100 ml. the sweat, tears, saliva and gastric juice were 
analysed for bilirubin. The secretion of sweat and saliva was provoked 
by injection of pilocarpine, the secretion of gastric juice by insulin 
injection and the secretion of tears by the nose-eye reflex (irritation of 
the mucous membrane of the nostrils by a small cotton swab). The 
sweat was collected by placing the patient on an oil-cloth from which 
a few drops were then collected in a test-tube. The tears were sucked 
up by small strips of filter paper placed in the eye corners; the bili- 
rubin content was then estimated by the yellow color of the paper 
and its diazo reaction. The saliva was collected in a beaker and the 
gastric juice aspirated with a tube half an hour after the injection of 
the insulin. The bilirubin content of the secretions was estimated by 
their color as well as by their diazo reaction after addition of alcohol 
or caffeine mixture. 

Not a single patient showed bilirubin in the above-mentioned 
secretions; all the secretions were entirely bilirubin- free. In the 
case of the sweat it is, however, to be emphasized that contamina- 
tion with the bilirubin containing urine of the patients has to be 
avoided, which Avas accomplished by collecting the sweat only 
from the upper half of the body. 

The examination of the bilirubin content of milk from icteric mothers 
was somewhat difficult to cany out owing to lack of material. In the 
Lying-in Departments of the Rigshospital only one case of jaundice 
in a puerperal woman occurred in the course of a year, and in this 
case the serum bilirubin concentration was only 3.19 mg. per 100 ml. 
As the renal threshold for bilirubin lies at 3 — 9 mg. per 100 ml. serum 
one could hardly expect to find bilirubin in the milk in this case, and 
consequently it says nothing about the excretion of bilirubin with the 
milk. 

Ott the Excretion of Bilirubin with the Urine. 

To determine the threshold value of the serum bilirubin con- 
centration at which the excretion of bilirubin with the urine begins 
and to study the relation between the serum bilirubin and the 
urine bilirubin concentrations, simultaneous quantitative determi- 
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nations of serum bilirubin and urinary bilirubin were performed 
in 38 cases of acute hepatitis and 16 cases of occlusive jaundice. 
In several cases determinations were carried out twice or more as 
the jaundice varied in intensity during the period of observation, 
and a total number of 61 deternunations were performed in the 
cases of hepatitis and 26 in the cases of occlusive jaimdice. In 
all the determinations the urine was analysed within a few mi- 
nutes after the urination in order to avoid losses from oxidation 
of the labile urinary bilirubin. The results of these analyses are 
seen from Diagram 1 in wliich the serum bilirubin concentration 
is plotted along the abscissa and the urinary bilirubin concentra- 
tion along the ordinate (both in mg. per 100 ml.). 

It is seen from Diagram 1 that the threshold value most often 
varies around 5 nig. fcr 100 ml.: the lowest value for the serum 
bilirubin by which bilirubin was demonstrable in the urine was 3 
mg. per 100 ml. The author has analysed the urine for bilirubin 
in 25 cases of hepatitis with serum bilirubin concentration below 
3 mg. per 100 ml. which are not included in the diagram, and in 
all these no bilirubin was demonstrable in the urine. A^Taen the 
serum bilirubin concentration is between 3 and 7 mg. per 100 ml. 
bilirubinuria may be present, but is in many cases absent. When 
the serum bilirubin is above 7 mg. per 100 ml. bilirubinuria is 
nearly always present, but in a few cases it is absent even with 
a serum bilirubin concentration of 7 — 12 mg. per 100 ml. In dia- 
gram 1 one case of chronic hepatitis with the serum concentra- 
tion of 11 mg. per 100 ml. without bilirubimuia is included in 
which no signs of renal insufficiency were found, but the case of 
occlusive jaimdice included in the diagram in which a serum 
concentration of 12 mg. per 100 ml. without bilirubinuria was 
found showed a pronounced renal insufficiency (blood urea con- 
centration 330 mg. per 100 ml.); this patient suffered from a 
gall-stone in the common bile duct and chronic lymphogenous 
leukemia with pronounced leukemic infiltrations of the kidneys 
(found at autopsy). 

As seen from Diagram 1 the tirinary concentration of bilirubin 
7 nost often lies between 25 and 50 per cent of the concentration in 
the serum (cf. the lines I and II drawn in the diagram: I corresponds 
to 50 % (y = x/2), II to 25 % (y=xM)). The dispersion is, 
however, rather considerable and in a single case of occlusive 
jaundice (neoplasma of the head of pancreas in a 60-year-old man) 
the urinary concentration even exceeded the serum concentra- 
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o ^cc/us/i'e Joune//ce. 

• //epai/£/S. 

Diagram 1. Tlie relation between serum and urine bilirubin. 


tion. A systematic difference between tbe per cent of urinary excre- 
tion or the threshold value in hepatitis and in occlusive jaundice 
does not seem to exist — the very high urinary excretion per 
cent in a single case of occlusive jaundice (c/. above) is probably 
to be looked upon as accidental. 

The interesting fact that the threshold value in the newborn 
(icterus neonatorum) lies at 18 mg. per 100 ml. according to the 
investigations of the author is mentioned above. 

As renal insufficiency is known to impede the urinary excre- 
tion of bilirubin the idea suggested itself that the considerable 
variation of the renal threshold from case to case could be due to 
variations in the renal function, and the fact that the urinary 
excretion is not parallel to the serum bihrubin concentration 
even in one and the same case of jaundice could be explained in 
the same way. This explanation seems rather likely as hepatic 
diseases are known to influence the renal function under certain 
circumstances, the so-called hepato-renal syndrome (c/. Noi^nen- 
BBUCH, 1941). 

In order to demonstrate .eventual relations between the degree 
of bilirubinuria and tbe renal function, simultaneous determina- 
tions of urea clearance and bUirubin clearance were carried out 
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on 10 icteric patients. The patients were given one liter of water 
to drink at the beginning of the clearance determination and 
observations were made during two successive periods of 60 mi- 
nutes. The bilirubin clearances were calculated according to the 
common formula for clearance calculation (urine concentration 
divided by serum concentration and multiplied by the diuresis 
per minute) and the urea clearances were calculated as maximum 
clearances with a diuresis above 2 ml. per minute and as standard 
clearances with a diuresis below 2 ml. per minute. 

The results, are seen from Table 1. The bhirubin clearance 
values are seen to be very low — between 0.1 and 0.5 — indicating 
that the ability of the kidneys for bilirubin excretion is very 
limited: 


Table 1. 

Bilirubin- and urea clearances in 10 icteric patients. 


! Age 


Sex 


Diagnosis 


Clearance 

period 

Serum 
i bilirubin 
(mg. per 
i 100 ml.) 

Urine 
bilirubin 
(mg. per 
100 ml.) 

Diuresis 
(ml. per 
minute) 

Bili- 

rubin 

clear- 

ance 

Urea 

clear- 

ance 

8 — 9 a. m. 

18.5 

1.G4 

3.00 


28 

9 — ^10 a. m. 

18.0 

0.81 

5,02 


25 

8 — 9 a. m. 

8.00 

0.44 

6.17 

0.34 

52 

9 — ^10 a. m. 

8.10 

0.45 

2.20 


31 

10 — 11 a. m. 

7.8S 

1.28 

0.85 

0.14 

27 

8 — 9 a. m. 

14.4 

9.34 

0.19 

0.12 

22 

9 — 10 a. m. 

12.C 

11.1 

0.17 

0.15 

15 

8 — 9 a. m. 

22.9 

1.32 

7.60 

0.44 

33 

9 — 10 a. m. 

24.1 

6.50 

1.07 

0.3O 

35 

9 — ^10 a. m. 

7.13 

3.4G 

1.08 

0.54 

65 

10 — 11 a. m. 

7.54 

2.42 

1.20 


72 

8 — 9 a. m. 

19.1 

0.88 

1.95 


19 

9 — 10 a. m. 

17.0 

0.22 

8.00 

0.13 

28 

8 — 9 a. m. 

11.4 

2.35 

1.08 

0.23 

30 

9 — ^10 a. m. 

11.3 

0.42 

3.75 

0.14 

47 

8 — 9 a. m. 

8.40 

0.54 

2.20 

0.14 

50 

9—10 a. m. 

8.03 

0.33 

4.67 

0.18 

69 

8 — 9 a. m. 

9.58 

1.G7 

0.9O 

0.12 

49 

9 — ^10 a. m. 

7.98 

0.48 

5.42 

0.34 

68 

8 — 9 a. m. 

19.7 

7.9G 

1.42 

0.51 

81 

9 — 10 a. m. 

19.5 

2.42 

2.17 

0.27 

87 


42 


53 


65 


47 

29 

27 

23 

22 

32 

34 


o 

-r 

<? 

S 

S 


Chronic 

hepatitis 

Chole- 

lithiasis 

Occlusion 
of common 
bile duct 
due to lym- 
phogranu- 
lomatosis. 

Neoplasma 
of the pan- 
creas 

Chole- 

lithiasis 

Acute 

hepatitis 

Acute 

hepatitis 

Acute 

hepatitis 

Acute 

hepatitis 

Chronic 

hepatitis 
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On otlier patients — 6 cases of hepatitis — ■ clearance determina- 
tions were carried out during longer periods (3 — 4 hours) without 
giving water at the beginning of the clearance period (i; e., with 
a much smaller diuresis); the results of these determinations 
are seen from Table 2. ■ The table shows that the clearance 
may vary considerably from time to time in one and the 
same case. 


Diagram 2 illustrates 
the correlation between 
bilirubin clearance and 
urea clearance; from Dia- 
gram 2 and Table 1 it 
is seen that there is no 
close correlation between 
the bilirubin clearance and 
the urea clearancej a cir- 
cumstance going against 
the hypothesis that varia- 
tions in the kidney func- 
tion would be the cause 
of the variation of the 
renal threshold for bili- 
rubin. 

Diagram 3 illustrates 
the correlation between 
bilirubin clearance and 
diuresis and shows that 
the bilirubin clearance 
shows a certain tendency 
to increase parallel to the 
diuresis, a phenomenon 
which must be due to 
secretion of bilirubin by 
the tubular epithelia. For 
an excretion of bilirubin 
by ultrafiltration in the 
glomeruli cannot take 
place as the plasma bili- 
rubin is firmly bound to 
serum albumin. 



a.z av 0-6 


S//tru6/h c/co.i'ance 

K standard. 

• /nax/mum. 

Diagram 2. Bilirubin and urea clearances. 




az (?.*/ 0.6 

S///ru6/'n c/earance ■ 
Diagram 3. Bilirubin clearances and diuresis. 
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Table 2. 

Bilirubin clearance in periods of 8—^ hours ia 6 cases of acute hepatitis. 


T 

Patient 

No. 

Clearance 

period 

Serum 
bilirubin 
(mg. per 
100 ml.) 

Urine 
bilirubin 
(mg. per 
100 ml.) 

Diuresis 
(ml. per 
minute) 

j 

Clearance | 

J 

1 

1 


12—15 

9.43 

5.C4 

1.3S 

( 

t 

0.80 > 

1 


8—12 

10.4 

2.57 

0.9G 

0.25 

1 

‘Vj 

12—15 

10.4 

2.2G 

l.OG 

0.23 1 

j 0 


8—12 

3.G2 

1.3C 

0.66 

0.24 i 

2 


12— 8 

5.42 

1.11 

2.14 

0.40 i 

3 

“/l 

8—12 

3.90 

1.00 

1.38 

0.36 i 

3 


12—15 

3.90 

1.28 

1.40 

0.46 i 

4 


16— 8 

6.7G 

4.08 

0.47 

0.30 i 


Vu 

8—12 

6.16 

2.90 

0.5S 

0.27 ; 

4 

'/n 

12—16 

6.1G 

2.20 

0.58 

0.20 i 

i 5 

”r 

8—12 

7.10 

1.80 

0.66 

0.17 ! 



12—15 

7.10 

1.7G 

0.33 

0.09 i 

! 6 

V. 

8—12 

9.40— 10.4 

3.04 

0.58 

0.17 i 


The Occnrrence of Biliruhin in the Cerebrospinal Fluid 
and the Liquors of the Eye. 

Lumbar puncture was performed on five icteric patients with 
serum bilirubin concentration between 10 and 24 mg. per 100 ml. 
In three of the cases the spinal fluid was entirely colorless while 
the other two showed a fluid of faint yellow color and a diazo 
reaction which was just visible and which on quantitative estima* 
tion corresponded to a bilirubin concentration below 0.1 mg. 
per 100 ml. So, the bilirubin concentration of the spinal fluid was 
at any rate below 1 per cent of the serum concentration in both 
these cases. 

The bilirubin concentration in the aqueous and vitreous humors 
of the eye was determined post mortem in a case of neoplastic 
occlusion with a serum bilirubin concentration varying between 
20 and 25 mg. pet 100 ml. Both liquids were faintly yellow in 
color and showed a trace of diazo reaction corresponding to a 
bilirubin concentration below 0.1 mg. per 100 ml. This single 
observation seems to indicate that the humors of the eye like the 
cerebrospinal fluid are free from bilirubin in jaundice, with the 
exception of the occurrence of traces in cases of long-standing 
icterus. 

This failure of the bilirubin to pass into the cerebrospinal fluid 
may be looked upon as a simple, consequence of .its ligation to 
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serum, alljumin and there is no reason to assume that it is due to 
some special function of the “blood-liauor barrier’'. The occurrence 
of minute amounts of bilirubin in jaundice of long duration can- 
not, on the other hand, be explained satisfactorily at present. 


Summary. 

In patients with pronounced jaundice the sweat, tears, saliva 
and gastric juice were foimd to be bilirubin-free. The behavior 
of millr in pronounced jaundice is yet unknown. The renal threshold 
for bilirubin is in the adult about 5 mg. per 100 ml. of serum 
(3 — 7 and occasionally as high as 11). The bilirubin clearance is 
very low (0.1 — 0.5) and does not show any close correlation to 
the urea clearance. The excretion of bilirubin in the kidneys 
seems to take place by secretion by the tubular epithelia only 
and the ability of the kidneys to excrete bilirubin is very limited. 
The individual variations of the renal threshold and the clear- 
ance for bilirubin are considerable. 

The cerebrospinal and eye liquors are entirely bilirubin-free 
in most cases of jaundice. Only in cases of pronounced and long- 
standing jaxmdice may traces of bilirubin (below 1 % of the 
serum concentration) be found. 
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The method described in the following was developed from the 
arterial manometer of Buchthal and Warburg^ (1943) utilizing 
in a similar way the capacity changes in a condenser, but suitably 
modified to record the pressures and pressure variations in the 
root of the aorta which are of special interest from the point of 
view of the circulation mechanism. 

A flexible, but inelastic catheter (Kg. 1) is introduced through 
the carotid of the narcotized animal so that the tip is at the level 



<7 f 2 cm. 


Kg. 1. Catheter to insert into the carotid of the animal. To the left a brass fitting 
for connection with the registrating system by means of nut a^ 


of the opening of the brachiocephalic artery. The other end is 
fastened to the skin on the animaTs neck, and when not in use the 
catheter is closed by a style. The catheter is a Forges catheter 
no. 11 with an external diameter of 3.5 mm. It was found to be 
very resistant as compared with other materials tried out. 


^ The expenses of the work have been defrayed by ihe Frk. P. A. Brandts Legal 
foundation. 

" For references c. /. this paper and E. Wetterer (1943). E. Sohutz (1937) 
used the condenser principle for registration of pressure hut no details have hitherto 
been published. 



DIRECT MEASUREMENT OF THE AORTIC PRESSURE. 367 

It is introduced under morpMne (4—6 mg/kg intramuscularly 
V 2 — lioiir before the operation). A cut is made in the midline 
of the neck as distaUy as possible and the catheter, cut to a suit- 
able length, introduced through the carotid and fixed by means 
of two silk sutures 1 cm from the opening. The most difficult 
point in the operation is to place the tip of the catheter just at 
the junction between the aorta and the brachiocephalic artery. 
The position should always be controlled by autopsy after the 
final experiment. The wound is moistened with body- warm salt 
solution until it can be closed and the brass plate sewed on to 
the skin. The wound is finally dressed with a plaster of Paris 
coUar through which the tube protrudes freely. The plaster of 
Paris is changed each day. The morphine sleep is sufficiently deep 
for 1 — 2 hours and during the following hours the animal is dis- 
tinctly affected, but the next day, or least the day after, the 
animal is completely normal and the catheter can remain in place 
for at least a week. 

When an experiment is to be made the style is removed and the 
catheter connected with, the glass tube (Pig. 2) by means of the 



Pig. 2. Glass tube containing the pressure recording device during the e^eriments. 

a) a brass tap. b) a glass tap. o) opening for the pressure chamber. 

nut a (Fig. 1). This tube which is filled with sodium citrate solution 
can be opened also to the atmosphere through the glass tap (b). 
The pressure recording device (Fig. 3), manufactured in the labora- 
tory -workshop by Mr. Persson, is introduced into the glass tube 
through the opening (o) into which it makes an airtight fit. The 
lower end is triangular in cross section and is made up of a thin- 
walled phosphorbronce capsule containing an insulating body 
of the same shape and fitting snugly. Into the three faces of this 
body phosphorbronce plates are mounted so as to be insulated 
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from the capsule but connected together by a brass pin in the top 
of the insulating body. This arrangement, corresponding in prin- 
ciple to that adopted by Buohthal and Warburg, makes up a 



z 
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Fig. 3 a. 
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Fig. 3. Pressure recording condenser. 

I) capsule with insulating body. II) cross sections at a and b. HI) inner body 

with phosphorbronco plates. 


condenser the capacity of which is varied by the movement of 
the capsule walls when exposed to pressure. 

The condenser is connected through a cable with a high fre- 
quency arrangement and this again with an oscillograph recording 
the pressure variations. Just behind the pressure recorder a 
silver tube (Fig. 4) is screwed on containing an autotransformer 




f /iry/z////y /// Ay7jr7^77y/ //7J7^rTy^7^ 


‘ « « 

o O.V O.Scm. 

Fig. 4. Autotransformer. 

a) silvertube. b) iron core of the transformer, c) iron shield of the transformer, 
d) connecting wires, e) plastic material, f) copper tube. 


for the purpose of reducing the effect of the cable capacity in 
relation to the capacity variations of the pressure recorder. The 
transformer is shielded by the silvertube to prevent a loss of the 
lines of force. 

The cable is made of two parts, a proximal thin cable in per- 
manent connection with the pressure recorder and the transformer 
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and a distal tHck cable. Tbe core of the tbin cable consists of three 
copper •wires and a piano string to take np any mecbanical ten- 
sion. Tbe -wires are insulated by plastic material and arranged 
in a copper tube. 

Tbe largest diameter of cable, silver tube and pressure recorder- 
is 4.5 mm and tbe total length 40 cm. Rubber washers are put in 
between tbe various tubes. 

Tbe distal cable is an ordinary Siemens antenna cable which 
can be connected .to tbe proximal by means of a revolving nut. 
This cable is 95 cm. long. 

Tbe condenser chamber with transformer and cable are part of 
an oscillating circuit (A) connected to the grid of a triode (Fig. 5). 



A) oscillating circuit connected to the grid of the triode e. B) oscillating 
cirenit connected to the plate of c. 

a)’ condenser, b) autotransformer, c) ferrocard core, d) iron core. 


This circuit is tuned to a resonance frequency which differs slightly 
from that of another oscillating circuit (B) connected to the plate 
of the same electronic valve. The triode produces high frequency 
oscillations, the necessary feed back between plate and grid 
circuits being obtained by the respective capacities. A change 
in pressure will alter the resonance frequency of the oscihating 
circuit (A) and increase or decrease the difference in resonance 
frequencies existing between circuits A and B. Thereby the feed 
back between plate and grid circuits and the intensity of the Jngh 
frequency oscillations will vary with variations of pressme. The 
high frequency in the grid circuit are rectified and amplified by 
another triode the plate current of which is measured by a galva- 
nometer used for coarse adjustment and by a torsion we osciUo- 
graph. The deflections of the latter are recorded on photographic 

24 452546. Ada phvs. Scandinav. Vol.lO. 
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paper. ■ The high frequency device is constructed by. Mr. P.. p. 
Beee, Electrical Phonolilm, Copenhagen. 

Control of sensitivity is obtained in two ways: 1. By replacing 
the condenser chamber, transformer and the proximal end of the 
cable by a capacity adjusted to the same size as these parts of 
the oscillating circuit and 2. by inserting a capacity the size of 
which corresponds to a definite change in pressure. 



By introducing different static pressures the arrangement is 
calibrated statically. The capacity of the condenser chamber varies 
linearly with pressure changes in the range from 0 — 300 mm. Hg. 
It was furthermore ascertained that slow or sudden variations in 

temperature are without 
measurable influence on 
the sensitivity of the 
pressure recording device 
(Fig. 6). 

For dynamic calibra- 
tion the pressure record- 
er is inserted in a tube, 
the other end of which 
is closed by the mem- 
brane of a condenser 
microphone and the en- 
tire system filled -with 
oil (Fig. 7). The micro- 
phone membrane is oper- 
ated by a laboratory 
oscillator and the period- 
ically varying pressure 







O Z ¥ e/n. 

Fig. 7. Arrangement for dynamic calibration, 
a) socle, b) condenser microphone, c) tube for 
inserting of the pressure recorder. 
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amplitudes are recorded with an A. C. amplifier and oscillograph 
for different oscillation frequencies. The system reacts to frequen- 
cies from 0—300 cycles per sec. the pressure amplitude being 
approximately constant between 0—100 cycles per sec. Higher 
frequencies are registered with diminished sensitivity (Tig. 8). 



/ 2 V 6 S 20' 2 f i f 2 V 


Fig. 8. Dynamic calibration of the pressure recorder. 

Abscissa; ftequencj' in cycles per second, log. scale. Ordinate: amplitude in mm. 

Hj’^teresis of the condenser chamber proved to be without 
significance and maximal bending of the entire cable may produce 
capacity changes which at most correspond to 5 mm Hg. During 
the experiment bending or vibration only occur in the thin part 
of the cable causing no capacity changes whatever. Static and 
dynamic pressures are recorded with the amplifier and a torsion 
wire oscillograph of a standard electrocardiograph and care is 
taken to W'ork in the linear range of this system. 

When pressure curves, obtained shortly after the operation 
when the animal is still affected by the narcosis, are compared 
vdth those taken 1 — 3 days later definite differences are observed. 
On the first arhythmia is pronounced with consequent variations of 
the height of systolic and diastolic pressures. The diastolic pressure 
in particular can become much reduced during a long pause. 

The form of the pulse is likewise altered both regarding the 
general shape and in certain details. This is due not only to the 
reduced frequency which draws out the’ pressure variations, but 
mainly to the fact that the initial rapid systolic rise as affected 
by the narcosis, is a much smaller fraction of the total rise than 
normally, while the subsequent pressure fall before the minimum 
of the incisura is also much less pronormced. The semilunar valves 
are closed, therefore, at a higher pressure, relatively, than in the 
normal animal (Fig. 9). The diastolic part of the curve is changed 
less, but is often more smooth without the slight initial rise 
usually seen in normal animals at rest. The secondary pressure 
vibrations are less distinct or absent. The cause of these vibrations 
has been an object of intensive discussion in the literature and will 
be dealt with in the following paper. 




372 


AR2vi! P. SKOUBY. 




Fig. 9. Pressure curves from the aorta, a) during narcosis, b) 72 hours later. 
Abscissa: time marks for 1/10 and 1/50 sec. 

Ordinate: mm. (1 mm=5 mm. Hg). The curve has to he read from the right 
to the left. 


To illustrate the application of the method I shall describe 
briefly two experiments on a dog doing light work on a treadmill. 
The dog, a young bitch of 11 kg. was trained on the treadmill and 
perfectly familiar with it before the operation. 


Exp. 1. 

Haie of mill S.g hmlhour. No incline of the mill. 



Blood pressure 
systolic 

in mm. Hg. 
diastolic 

pulse rate 

Dog at rest before work 

135 

120 

H73 

Just after start 

180 

140 

173 

After 3 minutes 

170-175 

130—115 

150 

» 4 » 

165—154 

130—116 

150 

Work just finished 

156 

116 



The dog was difficult to get started and tried to stop twice 
during run, being frightened by the manipulations necessary for 
the pressure registration. 


Exp. 2. 


Rate 6 hmjhour. 


Dog at rest before work 

Just after start 

After 1 minute 

i> 2 » 

i> 3 » 

» 5 i> 


About 5 degrees incline. 


Blood pressure 

in mm. Hg. 


systolic 

diastolic 

pulse rate 

. 128—125 

90— 85 

156 

. 164—170 

130-134 

155 

. 162—171 

125—128 

187 

. 158—180 

136—146 

190 

. 157—171 

113—135 

176 . 

. 151—167 

104—122 

201 


^ The high pulse rate before work is possibly caused by fright. 
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Also in this case the 
dog was difficult to get 
started, but ran after- 
wards quite normallj', 
except for a short period 
about the third minute. 

Pressure curves were 
obtained for the complete 
transition period from 
work to rest (Fig. 10). 
They show quite gradual 
reduction in pressures and 
pulse rate from 166/115 
mm Hg with a pulse of 
214 to 140/100 mm Hg, 
pulse 176. 

It should be noted that 
the absence of an increas- 
ed pulse frequency at the 
beginning of work is at 
variance with the results 
obtained in studies 
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Fig. 10. Pressure curves in the transition period 
from work to rest. 

Abscissa and ordinate: see fig. 9. 
a) during work on a treadmill. 5 min. work, 
b) transition from work to rest, c) curve from 
the resting dog (10 sec. between b and c). 

The curves are read from the right to the left. 


m studies on 

man (ICrogh and Ltndhard, 1913) and the pressure changes 
found are difficult to explain. They may possibly be caused 
by fright, but the mechanism is obscure. 


Summary. 

An apparatus is described allowing photographic recording of 
absolute arterial pressures and rapid pressure variations in dogs 
even during movement. 

Aortic pressure curv'cs from normal animals are compared ■with 
those obtained shortly after narcosis and operation. 

Two experiments are presented in which the pressures were 
recorded during light muscular work and in the transition from 
work to rest. 

The author ■n'ishes to thank F. Bechthal, M. D., for advice and 
encouragement in the course of this work. 
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The secondary oscillations appear just before the rapid systolic 
rise in pressure in the last phase of this rise and again shortly 
after the systole and are designated by Frank as pre-oscillations, 
initial oscillations and incisura with consequent after-oscillations. 
(1905). He also gave an interpretation of their single elements 
which was in the main accepted by later investigators. The pres- 
sure curves formerly studied were registered from exposed ves- 
sels of ana-sthetized animals under artificial respiration and most 
frequently with the chest opened and therefore in conditions far 
from normal. Sometimes they were also recorded both in animals 
and man by an appliance which magnified and recorded changes 
in diameter or volume of rmexposed vessels. 

In order to examine the oscillations in more natural circum- 
stances I have by means of the technique described in the preced- 
ing paper recorded pressure curves from the root of the aorta in 
dogs both during narcosis in connection with the insertion of the 
catheter and 1 — 3 days later witliout any narcosis. In some cases 
records were taken at the start of a short muscular work on a 
treadmill, during work, at the end of it and just after. Further- 
more the influence of adrenaline and amylnitrite has been studied. 

During narcosis the pre-oscillations and initial oscillations were 
not distinct and the after-oscillations only just visible. In normal 

^ The expenses of'the work have been defrayed by the Frh. P. A. Brandts Legal 
.foundation. 
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{luiuiflls, liowcvcr, prc-imtial and aftcr-oscillations arc as a lailc 
very distinct so that the distances between maxima and rm’m'mg. 
can be measured and the corresponding time difference calculated 
with an accuracy of about 1 millisecond. After their position the 
maxima and minima are denoted by letters as seen in fig. 1 and 
in the following table the distances between them are given in 
milliseconds from curves recorded from three dogs in varying 
conditions. 

The values given for the first dog are averages of 9 — 14 con- 
tinuous pulses, but for the second and third animal of 5 con- 
tinuous pulses only. For the distances b^c and cd there are con- 
siderable differences between the single pulses amounting even to 
50 % of the average value, but for the other distances the varia- 
tions are only 1 — 2 milliseconds corresponding to the error of 
measurement. 


Table. 

The table represents distances between maxima and minima (denoted by letters 
of fig. 1) of pressure pulse curves from three dogs in varying conditions. The blank 
spaces of the table arc due to the fact that the distances could not bo measured 
from the pulse curves in question. 


t 


aa, 


1 

1 



ggi 

1 

hi 

1 

it 

kl 


! 


i 


9 

i 

7 

19 

7 

9 





11 

9 

9 



Rest before 














work 

At the begin- 

9 


9 

S 

20 

7 

11 

1 



10 

11 

10 

10 

10 

dog. 11 kg. 

ning of the 
work 


9 

9 

3 

IG 

7 

10 





9 

9 

8 



After 5 minutes 

work ' 

Rest just after 




4 

14 

5 

8 

6 

8 

8 


7 

8 

10 

8 






8 

6 

19 

6 

10 




9 

9 




Rest before 












adrenaline. . . 
5'40'' after 

6 

5 

5 

5 

24 







7 

8 


5 

6 

dog. 12 kg. 

adrenaline. . . 
Rest before 

7 

6 










5 

7 






6 

6 

12 

17 

4 

m 

1^1 




7 

7 




Rest just after 















5 











5 








8 

6 

G4 

df 

16 





10 

8 

9 



Rest before 















dog. 22 kg. 

amylnitritc. . 
After amylui- 

9 

7 

7 

4 








9 

6 

7 

0 

trite-inhala- 

















tion. (Very 
anxious.) 



7 





1 igi 
12 



8 

6 

7 
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It turns out tliat apart from the intervals biC, cd and de all 
distances measured in the single experiment are practically 
uniform. From animal to animal and in the same animal under 
varying conditions the distances between maxima, though con- 
stant in the single determination, may have different values. 
The rise in pressure at the moment of inflow of blood into the 
aorta shows differences corresponding to the variations of biC. 
Between c and d often one or more notches are present (Fig. 2), 
the point d being the first pronounced maximum found. 



Fig. 1. Schematic pressure pulse curve ■with the secondary oscillations denoted 
by letters referred to in the text. The ctixve is to be read from the right to' the left. 



Fig. 2. Pressure pulse curves -from the root of the aorta from a dog at rest show- 
ing a notch before the first pronounced maximum found. The curve is to be read 
from the right to the left. Time marhs and sec. 


Finally it can be seen that the initial oscillations are pronounced 
when the systolic curve continues as a plateau after the steep 
rise. The initial and afteroscillations have the character of damped 
oscillations •with gradually decreasing amplitude. 


Discussion. 

According to Frank the pre-oscillations, of which one or two are 
usually observed, are an expression partly of the apex beat car- 
diogram and partly of the ventricular pressure. The first pre-oscil- 
lation is thus taken to be caused by the systole of the atria and the 
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second by tbe ventricular systole, an explanation which is accepted 
by E. and C. Tigerstedt (1908, 1918) and also by v. Bore (1911). 
The aortic A^alves are taken to move with a certain force towards 
the aorta. 

The initial oscillations Frank considers in his first papers (1905) 
as oscillations of the elastic system represented by the heart and 
central arteries. Later (1925—26) he goes more deeply into the 
matter and says that they are perhaps a part of the cardiogram, 
but that they also represent a wave reflected from the carotid 
artery when blood suddenly enters the aorta. He takes this view 
to be supported by the fact that their time relation to the open- 
ing of the semilunar valves corresponds to twice the length of the 
carotid. 

The after-oscillations are taken as reflected and due to a reper- 
cussion of the blood against the closed semilunar valves. The 
incisura, the sudden pressure fall at the end of systole is due ac- 
cording to Frank to a real return flow of blood at the close of 
ventricular contraction. That it is no oscillation proper is demon- 
strated according to -liim by the fact that the period is shorter 
than that of the shortest possible oscillation from the carotid 
and that the descending part is sometimes less steep than the 
ascending in contradistinction to the rule for an oscillation proper. 
This analysis applies especially at normal or supernormal blood 
pressure. At low pressure, as produced by inhalation of amyl- 
nitrite, conditions are different. Frank writes: “The reduced rate 
of propagation caused by the low blood pressure brings about a 
delay in the large waves and especially in the carotid wave which 
is the first wave to return from the periphery. The period during 
which the pulse pressure is proportional to the rate and can be 
used as an expression for it thereby is increased. While at normal 
blood pressure the carotid wave only shows up as a more rapid 
rise preceded by a point of inversion a maximum is now formed. 
The velocity curve extends to the following minimum, then the 
carotid wave sets in decidedly and causes a new maximum. 
During the further course of the poisoning, the rapid systolic rise 
vdll be exceedingly steep. The maximum of steepness and maxi- 
mum of pulse rate are reached simultaneously. The first (maxi- 
mum of velocity (d, fig. 1)) will be at a higher level than that of 
the carotid 'wave which finally only can be discriminated in the 
descending part of the curve. The pressure curve later falls very 
steeply towards the incisura, which is essentially more prolonged 

24t — 452546. Ada phvs. Scandinav. Vol. 10. 
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than normal probably because the oscillation frequency of the 
valve-tube-fluidsystem is essentially reduced.” 

A curve resembling that described above by Frank was pub- 
blished by v. Born (1911) after stimulation of the vagus and the 
depressor nerves, but the phenomenon is not discussed. 

In his monograph Wiggers (1928) states, that the secondary 
oscillations are free oscillations in the elastic structures and the 
column of blood and make their appearance when a force is 
suddenly applied or wthdrawn. 

Bramwell and Hill (1925) suggested that such %dbi'ations were 
produced by a turbulent condition in the blood stream, brought 
about by the wave front having become unstable. 

It follows from the above that it is generally assumed that 
initial and after-oscillations are oscillations proper. The pre-oscilla- 
tions are, however, taken to originate from the atria and ventricle 
systole, which moves the semilunar valves towards the aorta i. e. a 
quite different mechanism. 

The present results indicate that both pre-initial- and after- 
oscillations are oscillations proper of the vascular system. They 
have the same frequency even in different conditions. As the pre- 
oscillations begin before the expulsion period it is probably the pull 
of the heart on the aorta during the isometric phase of the contraction 
which initiates the oscillations and not as Frank supposes the move- 
ment of the aortic valves. This pull sets in with varying rapidity. 
The ease with which the oscillating system responds may vary 
according to its stiffness and blood content and even the position 
of the catheter may be a factor. When its opening is situated close 
to the arterial wall or to the valves there may be a direct trans- 
mission of the oscillations of the vascular wall. 

The point c on fig. 1 represents the moment when pressure 
suddenly begins to rise and this may happen at a maximum or 
a minimum of the pre-oscillations or any moment in between, 
explaining the differences of bjC in the same experiment. In ac- 
cordance with Frank the origin of the initial oscillations may 
be explained by the inflow of blood in the aorta. They start 
somewhere between c and d and may cause the notches mentioned 
above. A rapid expulsion of a large blood volume will cause a 
large amplitude of the oscillations and the sudden transition from 
a steep rise to a plateau or even a slightly falling pressure will 
make them further prominent. This I think, explains the diffe- 
rences between curves obtained during rest and those taken at 
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ork and also- tke fact that Feank: in experiments with amyl- 
nitrite finds two maxima, the first rising above the second. In 
the later the systolic rise in pressure is directly continued by a 
plateau or a falling pressure. 

The point d in fig. 1 corresponds to the moment at which the 
two interfering curves viz. the fundamental systole and the 
superimposed curve of secondary oscillations form a visible 
maximum. The time relation of this point depend upon the rate 
and duration of the rise in s 3 ?Btolic pressure and the frequency of 
the secondarv oscillations. 

Regarding the incisura I have not observed the negative wave 
mentioned by Feakk (1905), but usually seen a gradual slope from 
the top of the curve to the minimum of the incisura. In some 
cases there is a definite change in the curve at h (Fig. 1), which 
may correspond to the closing of the valves. With Feank I sup- 
pose that the after-oscillations are due to the pressure fall in 
the aorta and the repercussion of the blood against the closed 
semilunar valves. 


Summary. 

In order to examine the secondary oscillations in more natural 
circumstances than done before, 1 have by means of a condenser 
manometer recorded pressure curves from the root of the aorta 
of dogs during narcosis and mtlmit any narcosis in varying cir- 
cumstances. The distances between the maxima and minima of 
the oscillations are measured and the following results found: 

1) Apart from the intervals bic, cd and de (Fig, 1) all distances 
measured in the single experiment are practically imiform. 

2) In different animals and in the same animal in varying 
conditions the distances between maxima, though constant in 
the single determination, may have different values. 

3) The pressure curves at the moment of inflow of blood into 
the aorta shows differences corresponding to the phase variation 
of the preoscillations. 

4) The initial oscillations are pronounced when the systolic 
curve continues as a plateau after the steep rise. 

6) The initial and after-oscillations have the character of 
damped oscillations "with gradually decreasing amplitude. 

The results are discussed and indicate, that the pre-oscillations 
in opposition to Feank’s theory are oscillations proper of the same 
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system to whicli initial and after-oscillations belong. As tlie pre- 
oscillations begin before tbe expulsion period it is supposed, that 
the pull of the heart on the aorta during the isometric phase of 
contraction initiates the oscillations. 

An explanation of the differences between curves obtained 
during narcosis or rest and curves from working dogs or dogs 
during amylnitrite inhalation is forwarded. 

The author AAUshes to thank F. Buchthal, ]\I. D. for advice 
and encouragement in the course of this investigation. 
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During tlie investigation of tlie general occurrence and prop- 
erties of a thiamin-destroying enzyme (Lieok and Agren 1944, 
Agree 1945, WiKfiN and Agree 1945), it was found that extracts 
of leaves from certain trees and plants contained a factor which 
in some respects behaved as this enzyme. The present paper 
reports the occurrence of the factor as well as some of its chemical 
properties. 


Experimental. 

Preparation oj extracts. In the determination of the general occurrence 
of the factor, the extracts were prepared in the following way. About 
50 g. of the fresh material stored at — 15° C. overnight were finely 
ground by means of a meatmincer. The pulp was shaken for 1 hour 
at room temperature with the double volume of distilled water and 
centrifuged for 1 hour at 3000 r. p. m. 

Thiamin determinations. Thiamin was determined with some slight 
modifications of the method previously employed (Lieck and Agree 
1944). In the beginning of the investigation 1 ml. aliqouts of a thiamin 
hydrochloride solution containing 2 micromoles (2 x 10”® mol) of 
thiamin were incubated with 3 ml. of extract, neutralized when ne- 
cessary to pH l.i and 1 ml. of O.os M phosplxate buffer pH 7.4 for 
2 hours at 40° C. 5 ml. of 20 per cent trichloroacetic acid solution were 
added. The solution precipitated with trichloroacetic acid was allowed 
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to stand for 30 minutes in order to obtain complete precipitation. After 
centrifugation, 2 ml. aliquots of the supernatant fluid were analyzed 
for thiamin and compared with a solution which, apart from the fact 
that the incubation had been omitted, was in every respect identical. 
Subtraction of the number of micrograms thiamin found in the di- 
gested sample from that of the control sample gave the amoimt of 
•thiamin ‘^destroyed” by the factor. This procedure was used in the part 
of the investigation where the occurrence of the factor was determined. 
When it was foimd that the effect of the factor was rather rapid, the 
incubation procedure was abandoned and henceforth the control 
samples consisted of 1 ml. of thiamin solution, 3 ml. of distilled water 
and 1 ml. of buffer. The \mit of “activity” was defined as that amount 
which under the above conditions would cause the “disappearance” 
of 1 micromol of thiamin (molecular weight of thiamin hydrochloride 
taken as 337.3). In practice a preliminary assay was made with several 
dilutions of the unsown extract. The assay was then repeated using 
the amount calculated to contain about 1 unit of activity. 


Results. 

I. The occurrence of the factor. The results obtained with extracts 
from a series of plants and leaves are given in Table 1. The inter- 
est was especially focused on material more commonly used for 
nutritional purposes. 

A comparison of the values of the digestion samples with those 
of the control samples immediately demonstrated the small 
difference between the figures. The “activity” of the factor seemed 
to be rather rapidly displayed and the incubation procedure 
was therefore abandoned. In the preparation of the factor, the 
leaves of birch, oak and aspen seemed to be the most promising 
material. A series of determinations showed that extracts of 
aspen and oak contained about 50 — 70 imits of activity per 3 ml. 
of extract while the corresponding figure for birch extract was 
only 10 — ^20 units. As the extracts of birch and oak seemed to 
contain rather high amoimts of mucous substances, the attempt 
to isolate and study the chemical properties of the factor were 
carried out with extracts of aspen leaves. 

.II. The stability of the factor. The factor seemed to be rather 
thermostable, at least in the less purified solutions. Extracts 
heated for 3 minutes at 100° C. still contained the main part of 
the original activity. When kept at room temperature, the extracts 
did not lose any activity in 2 days. A sample of aspen leaves was 
dried at room temperature to constant weight and with intervals 
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On the occurence of a factor interfering with the chemical determina- 
tion of thiamin in extracts of some Swedish trees and .plants. 

The values refer to the extinction values given by the diazotized vitamin B, 
content of 2 ml. aliquots of trichloroacetic acid centrifugates from 3 ml extracts 
incubated for 2 hours vith 2 micromols of thiamin in the digestion tests = D. T. 

Control tests = C.T. 


Species 


Latin name 


Sample 


Extinction 
value of 


D. T. C. T 


Alfalfa 

Aspen 

Birch 

Birdcherry 

Bird’s-foot 

Blueberry 

Brake 

Buttercup 

Carrot 

Carrot 

Celery 

Chive 

Cucumber 

Jerusalem ar- 
tichoke 

Lettuce 

Lily-of - the- valley 
Marsh marigold 

Oak 

Onion 

Onion 

Parsley 


Potato 

Red clover 

Rhubarb 

Spinach 

Summer-radish 

Summer-radish 
Swedish turnip 


Timothy 

Wild cerefolium 


Jledicago sativa L. 
Populus tremula L. 
Betula Sp. 

Prunus padus L. 

Lotus comiculatus L. 
Vaccinium myrtillus L. 
Eupteris aquilina 
Ranunculus acris L. 
Daueus carota L. 

Apium graveolens L. 
Allium schoenoprasum L 
Cucumis sativus L. 

Helianthus tuberosus L. 
Lactuca sativa L. 
Convallaria majalis L. 
Caltha palustris L. 
Quorcus robur L. 

Allium Cepo L. 

Pctroselinum sativum 
Hoffm, 

Solanum tuberosum L. 
Trifolium pratense L. 
Rheum undulatum L. 
Spinacia oleracia L. 
Raphanus sativus L. f. 
radicula 

Brassica Napobrassica 
Mill. f. esculenta 
Phleum pratense L. 
Anthriscus silvestris 
Hoffm. 


Whole plant 
Leaves 


Whole plant 
Leaves 
» 

Whole plant 

Tubers 

Leaves 

Whole plant 

Leaves 

Emit 

Tubers 

Leaves 

Whole plant 
Leaves 
Tubers 
Leaves 


Tubers 
Whole plant 
Stalk 
Leaves 
Tubers 

Leaves 

Tuber 

Whole plant 
Whole plant 


0.17 

0 

0 

0 

0 

0 

0 

0.O2 

O.lO 

O.IC 

0.15 

0.14 

0.11 

O.io 

0.16 

O.oi 

0.13 

0 

0.17 

0.12 

0.12 

0.13 

0.13 

0.11 

0.17 

0.24 

0.17 

0.09 

0.10 

0.16 


0.2O 

0 

0 

0 

0 

0.02 

0.02 

0.04 

0.14 

0.18 

0.21 

0.19 

0.14 

0.14 

0.19 

0.05 

0.13 

0 

0.16 

0.17 

0.14 

0.17 

0.19 

0.18 

0.24 

0.23 

0.16 

0.15 

0.15 

0.19 


of two weeks tke activities of freshly made extracts were deter- 
mined. Bach time 10 g. of ground leaves were extracted with 40 
ml. of distilled water. The activity remained constant during more 
than two months. Extracts were also made on withered leaves of 
aspen and brakes from the previous year. They still contained 
0.5 and 2 units per 3 ml. of extract respectively. 
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The pH-stability of the factor "was determined at pH l,e, 4.0, 7.1 
and lO.o. To different dilutions of an extract were added the necessary 
amounts of hydrochloric acid or sodium hydroxide to bring the hydro- 
gen ion concentration to the appropriate values, whereafter equal 
volume of the different buffer solutions were added. The activities 
were determined after an incubation period of 24 hours at room tem- 
perature on the neutralized solutions. The results of a typical series of 
experiments are given in Table 2. 

Table 2. 

The pE-siabilUy of the factor in extracts of aspen leaves. 

The figures refer to the extinction values given by the diazotized thiamin content 
of 2 ml. aliquots of trichloroacetic acid centrifugates from different dilutions of 
a concentrated dialysato of extract of aspen leaves. 


1 

Extinction value of 

Buffer 

Extract diluted 
1:200 

Extract diluted 
1:500 

1 

Extract diluted 

1 : 1000 

Glycine-HCl buffer pH 




1.6 (Sorensen) 

0 

0.O7 

0.15 

M/10 acetate, pH 4.0 . . 
M/15 phosphate, pH 7.4 

0 

0.07 

0.14 

0 

0.08 

0.16 

Borate-NaOH buffer pH 




lO.O (Sorensen) 

0.04 

0.14 

0.21 

Glycine-NaOH buffer pH 




lO.l (SSrensen) 

O.oc 

0.15 

0.23 


It is obvious that the factor is more stable in acid and neutral 
solutions than in alkaline solutions. The activity of the factor 
was rather resistant against treatment with 5 and 10 per cent 
solutions of hydrogen peroxide. These experiments were carried 
out with the technique previously used in similar investigations 
of the stability of the thiamin-destroying fish enzyme, (Agben 
1945). 

III. The ‘ptirificaiion of the factor. Preliminary experiments 
demonstrated that the factor was rather soluble in ethyl alcohol 
but only inconsiderable amounts of activity could be directly 
extracted with ether from neutral or slightly acid solutions. In 
fact the ethyl ether used in this laboratory (Swed. Pharmac. 
Ed. X) contained small amounts of substances which interfered 
with the chemical determinations of the vitamin. The leave- 
factor dialyzed through cellophane membranes. The following 
method of preparation was finally used: 

1. About 2 kg. of frozen leaves were finely ground and shaken for 
1 hour at room' temperature with the double volume of distilled water 
and centrifuged for 1 hour at 3000 r. p. m. The centrifugate was dia- 
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Ij'zed in 7 cellophane tubes, 0 = 40 mm., at 0° C. for 24 hours -srith 
constant stirring against distilled water, which was renewed after 8 
and 18 hours. The content of each cellophane tube was in this way 
dialyzed against 5000 ml. of water. The contents of the cellophane 
tubes, which still contained about 20 per cent of the original activity, 
were discarded. Direct determinations of the activity of the dialysable 
portions obtained after 8, 16 and 24 hours of dialysis gave the following, 
values: 2 units, 1 unit and 0.5 units per 3 ml. of dialysate. Thus the 
main part of the actmty was dialyzed in 16 hours or less. 

2. The dialysable portions were concentrated in vacuo to 250 ml. and 
absolute ethyl alcohol was added to a final concentration of 90 per cent. 
The precipitate, which contained about 5 per cent of activity, was 
washed with 90 per cent alcohol and then discarded. The collected 
alcohol solutions were concentrated in vacuo to about 50 ml. and pre- 
cipitated with absolute alcohol to a final concentration of 90 per cent. 
The precipitate, which contained about 1 per cent of the activity of 
the sample, was washed with a little 90 per cent alcohol and then dis- 
carded. To the centrifugate were added two volumes of ether and a 
fine, inactive precipitate which formed was centrifugated off. The 
alcohol-ether centrifugate was concentrated in vacuo to 50 ml. after 
two additions of 100 ml. of distilled water. During the concentration 
inactive cr}'stalline precipitates sometimes appeared. These were cen- 
trifuged off. Tlic centrifuged solution was stored at — 15° C. After 24 
hours a heavy, white and inactive precipitate had been formed. After 
centrifugation the remaining bronm-coloured solution contained about 

30.000 units, or about 30 per cent of the activity of the original extract. 
Tlic purified solution contained 250—300 mg. of dry material per ml., 
which means that O.s mg of substance contained the amount of activity 
which caused the disappearance of 1 micromol of thiamin when de- 
termined by the ^Ielnick and Field reaction. 

3. A further purification was achieved by means of electrodialysis. 
The apparaturs described by Theorell and Akesson (1942) was used. 
10 ml. portions of the purified solution from 2 was used in a dilution 
of 1 : 5. With these aniounts of material the experiment was completed 
in about 4 hours. Tlie strength of the current was never permitted to 
exceed 60 milliamperes. Analysis of the contents of the tluree compart- 
ments at the end of the exjieriment demonstrated that the pH w'as 
7.1 in the cathode compartment, 6.0 in the middle compartment and 

3.0 in the anode compartment. Of the original 700 units about 50 umts 

had migrated into each of the anode and cathode compartments. The 
remaining 600 units were found in the middle compartment. The re- 
sults were easily reproducible. The solution from the middle compart- 
ment contained 30 mg. of dry material per ml. Calculated per unit 
weight, about lialf of the material had migrated into the anode and 
cathode compartments. About 0.5 mg. of dry material from the solu- 
tion of the middle compartment caused the disappearance of 1 micro- 
mole (0..T mg.) of thiamin. i ^ 

Subsequently the electrodialysis was carried out with samples or 
about 2 g. of dry material in 15 ml. of solution and the experiments 
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■were run . overniglit. The contents of the middle compartment were 
evaporated to dr^ess and again extracted with absolute ethyl alcohol, 
where some inactive crystalline material was insoluble. The alcohol 
solution was evaporated to dryness and a yeUow-coloured material 
obtained. Through repeated extractions -with small amounts of alco- 
hol some inactive material could be removed. In this way preparations 
were obtained from which about 0.3 mg. of material caused the dis- 
appearance of 1 micromol of thiamin. .The yield amounted to about 
20 per cent of the actmty in the original extract. 

Analysis. The most active preparations seemed to be free from 
nitrogen as determined by the micro-K^jeldahl procedure 
‘phosphorus as determined by Teorel'L 
sulphur as determined by Grote-BIrekeler. 

Each analysis was carried out with about 100 mg. of dry material. 

Eor the analysis of carbon and hydrogen the substance was 
dried at 100° C. in vacuo over PaOe- Found C 51.3 %, H 6.44 %. 
The substance was free from ash. 

Solutions of the purified factor reduced Fehling’s solution but not 
Tillman’s reagent. The following phenol-reactions were carried out; 
FeCl^-reaction .1; 100 water solution = green, after the addition 
of sodium acetate = violet colour. 

Millon reaction 1: 1000 water solution = yellow colour 
Liebermann reaction 1: 1000 water solution = green colour 
Guareschi-Lustgarten reaction 1; 100 water solution = no colour 
Pougnet reaction 1; 100 water solution = no colour. 

Discussion. In this paper a factor is described which causes- the 
disappearance of thiamin as determined by the method of jMel- 
NiCK and Field. The factor is not present in any considerable 
amounts in the commonly used vegetables or in cattle feed as 
timothy, clover or alfalfa. On the other hand, fresh and dried 
leaves of aspen and birch, which in this country are used as cattle 
and sheep fodder, contain high amounts of the factor (see Table 
1). This fact is of interest with regard to the general application 
of the method of Meleick and Field. From the chemical investi- 
gations it is obvious that the factor has a low molecular weight, 
is easily soluble in absolute alcohol and behaves as an electro- 
neutral substance at electrodialysis. The factor seems to be free 
from phosphorus, nitrogen and sulphur. The figures obtained in 
the elementary analysis as well as the colour reactions given by 
the purified material are in agreement -with the presence of sub- 
stances of phenolic character. - In accordance with these results- it 
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was found that small amounts of the factor were present in the 
condensate obtained at the concentration in vacuo of the dialysate. 
A closer investigation of the chemical properties and attempts 
at further purification of the factor are under way. 

The mode of action of the factor is not clear. Either such a 
factor may interfere with the coupling of the reagent and the 
quaternary nitrogen in the thiazole nucleus of thiamin or the 
activity of the factor may be associated with a direct change of 
the thiamin molecule. The first possibility has previously been 
investigated by Phehlupa and Me Collum (1939). Accoring to 
these authors, the folloudng nitrogen-, phosphorus- and sulphur- 
free substances should not interfere with the chemical determina- 
tion of the vitamin: acetone, dextrose, ethyl alcohol, fructose, 
galactose, hyclroquinone, inositol, lactose, methyl alcohol, phloro- 
glucinol, resorcinol, sucrose, thcelin. Some of these results have 
been checked bj” the present author. If 2 micromoles of thiamin 
are to be determined in the presence of about 100 mg. of any of 
the above mentioned monosacharides, only 1 micromol of thiamin 
can be discovered by the chemical method. The same effect can 
be obtained with as little as 0,3 mg. of the present factor. The 
second possibility, a direct change of the structure of the thiamin 
molecule, is at present being investigated by microbiological 
methods. This alternative is possibly favoured by the reducing 
property of the factor, which may destroy the thiamin molecule 
in a way similar to that of sodium hyposulphite, cysteine or 
glutathione (compare Agren 1945). 


Summary. 

A factor which interferes with the chemical determination 
of thiamin as carried out by the method of Melnick and 
Eibld has been isolated from extracts of aspen leaves. The 
factor is an elcctroneutral, low-molecular substance, probably 
with reducing properties and not containing sulphur, phosphorus 
or nitrogen. The general occurrence of the factor in leaves from 
plants and trees and in vegetables has been investigated. 

The ■writer is indebted to the Eerrosan Corporation for a grant 
which supported the present investigation. He further acknow- 
ledges his thanks to Miss Ahlquist and Mh. Eklund for valuable 
assistance throughout the investigation. 
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INTRODUCTION 


Pharmacology has been defined Clark (1937), and 
others, as the study of the manner in which the functions of 
living organisms can be modified by chemical substances. For 
these studies the pharmacologists have long employed physio- 
logical and chemical methods. 

However, the point of importance is not only the total 
quantities of a drug to be found in the various organs in their 
entirety, but also the exact localization in the different tissues. 
When, for instance, the relationship between dose and effect 
of drugs is to be examined, the study of the total quantities 
only, in the tissues, may prove directly misleading. Thus, a 
substance which acts on different organs and simultaneously 
circulates in the blood in a certain concentration may be 
ascertained in a larger total quantity in an organ where it is 
e.xcreted as, e. g., in the liver and in the kidney, than in the 
organ on which it exerts most of its action. 

Accordingly, an investigation by means of histological me- 
thods should be of interest, regarding the localization and con- 
centration of administered drugs to the cells, cellular parts, 
tissues and tissue structures of the organism, as well as of the 
factors influencing the distribution of these drugs and the 
structural changes produced thereby. This type of investiga- 
tion might be called histo-pharmacological. 
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Such pharmacological studies are few, largely because of the 
lack of suitable procedures for fixation and sufficiently sensitive 
methods for the detection of drugs. Accordingly, in the present 
paper, Part I will deal with the demands that must be stipu- 
lated with regard to the histo-pharmacological methods. A 
detailed account will also be given of the methods employed, 
viz. Altmann’s freezing- drying method for fixation, and 
fluorescence microscopy combined, in some instances, with a 
heating procedure for the ascertainment of the drugs. 

As yet, no definite reason has been given for the stronger 
effect in certain infections, such as erysipelas, obtained by the 
use of sulfanilamide in an azo linkage than by the equimolecu- 
lar dose of pure sulfanilamide. Accordingly, an investigation 
of possible differences in the localization of these drugs in the 
various tissues was found to be desirable, having in mind also 
the decisive significance of the concentration at the site of the 
infection with regard to the chemo-therapeutic effect. 

Such differences were established. The particular properties 
of the substances causing them were submitted to examina- 
tion. The above-mentioned problems are discussed in Part II 
where, in addition, the subject of the blood-brain barrier and 
the transmission of chemo-therapeutics to the central nervous 
system are dealt with. 


8 



PART I 
METHODS 




CHAPTER I 


Prcrcquisifes of liisto-pliarmacological 
iiivostigatioiis 


Fixation method 

As rcgtirds liislo-plmrniacological examinations of a fixed 
material, the first prerequisite is a fixation method meeting 
uitli the following demands [on the whole, in accordance with 
F. S>TdSTRAND (1944)]. a) Agonal and postmortal histological 
changes must not he allowed to occur, b) the fixation should 
be sufficiently good from a histological (and cytological) point 
of view to permit careful localization, c) the fixation process 
must not cause ^Yashing out of the drugs or a change in their 
localization and concentration, d) extraneous substances must 
not be introduced into the tissues by the fixation and, lastly, 
e) it must be possible to malcc thin sections. 

As a rule, the usual histological fi.xation methods, based on 
fixation in fluids, are unsuitable, the majority of drugs being 
easily soluble and diffusible. Nor are the usual frozen sections 
applicable in cases where substances easily soluble in water 
are concerned, since they may be subjected to diffusion during 
the melting process. I\Ioreover, it is hard to obtain thin histo- 
logical .sections by means of this method. However, Alt- 
mank’s freezing-drying technique answers to all the stipu- 
lated demands, having been employed in histo-physiological 
studies by IMann (1902), Gei?sh (1934), F. and T. Sjosteand 
(1938), Geush and Caspersson (1940), and F. Sj6- 
STRAND (1944). (As regards the history, reference may be 
made to the last-mentioned work.) This fixation procedure is 
performed in the following manner; Specimens are excised as 
soon as possible after the animal has been killed. They should 
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Fjg. 1. The apparatus for dehydration of specimens at — IfO° C 
The figures refer to the text on page 13. 



not be too big (approximately 3.10.10 ram is adequate). After 
rapid freezing in liquid air (—190® C) or in isopentane cooled 
by liquid air (—170° C, requiring smaller pieces), they are 
fixed by means of drying in a vacuum over phosphorous pent- 
oxide at — 40° C. I^Tien dry, the specimens are embedded 
in paraffin (52° C) and are then ready for sectioning. The 
thickness of the sections which has generally been used is 5 /t. 
The slices are placed directly on the slide, without first being 
extended on water. Approximately one hour in a thermostat at 
a temperature of -j-40° C will generally suffice to smooth out 
the sections. Proteid glycerine, or some other kind of binding 
substance for adhesion to the slide, has usually been dispensed 
with. No special slides have been used. 

The apparatus employed (Fig. 1) corresponds, on the whole, to the one 
described in detail by F. Sjostbaxd. Only a few minor details have 
been changed in accordance with the experiences gained by the use of it. 
The specimens are distinguished by being placed in small enumerated 
glass receptacles (10 mm in diameter). These vessels are in turn put into 
metal baskets with perforated sides and bottoms (30 mm in diameter). 
Each basket holds 5 receptacles. While the glass receptacles in a basket are 
being filled with specimens, the basket is contained in a Dewar’s vessel 
nith solid carbon dioxide (dry ice, — 80° C). 

When a basket has been filled with specimens, it is deimsited in a glass 
tube (1) which has been placed in the refrigerator beforehand. In order 
to prevent the basket from turning over, a metal stand, suitably adapted 
to the size of the basket, has been inserted into the glass tube. The tubes 
can be filled with 8 — 10 baskets. There is space in the refrigerator for 
up to 4" tubes. This has been constructed by AB Elektrolux and will keep 
a temperature of — 4-0° C. ^Ylien all the tubes are filled (1), an upper 
tube (2) is inserted into the lower one, the retorts with phosphorous pent- 
oxide (3) are applied and the various lubes are united in a central one (4). 
This is then attached to a vacuum pump (7) (Pfeiffer oil rotation pump. 
Model No. 1810). The vacuum is measured by means of a discharge tubs 
(5) with a high frequency apparatus (6) acting as the current source. The 
specimens are usually ready when only a faintly blue discharge is visible 
and the phosphorous pentoxide has ceased to change. This process takes, 
as a rule, approximately one week, using the size of specimens stated 
above. 

No diffusion lias taken place in specimens treated by this 
method. This is, inter alia, proved by the fact that even exceed- 
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ingly easily diffusible dyes in high concentrations do not 
exceed the cellular limit with which they are in immediate 
contact, whereas, in comparisons with specimens fixed by 
formalin or alcohol, or with ordinary frozen sections, this result 
will not be gained. On the other hand, in the latter case, if any 
dye at all' remains, the picture will correspond to the one 
obtained when a piece of tissue, which has been excised from 
an animal, is bathed for a few minutes in the same dye solu- 
tion, A diffuse staining of the specimens will then be seen, 
irrespective of the cellular limits. 

Owing to this method no postmortal histological changes 
will, evidently, have time to develop. This is, in fact, hardly 
to be expected since it may be presumed that the majority of 
the cells are alive during the few minutes required for the 
excision of the specimens. The freezing itself takes place in the 
course of maximum a few seconds. 

Thus, the Altmann jfeezing-drying Tnethod represents, in 
general, a usejul fixation procedure for histo-phormacological 
( as well as histo-chemical, etc.,) purposes. 


Detection method- 

The second prerequisite, with regard to histo-pharmacologi- 
cal examinations on a fixed material, is that methods for the 
detection of drugs in sufficiently small quantities are at dis- 
posal. Further, these methods should be applicable also to 
specimens fixed by the aid of methods fulfilling the fore- 
mentioned demands, vdthout changing the localization or 
concentration of the drugs on account of the particular method 
used for their ascertainment. The determining factor with 
regard to the usefulness of a certain method for histo-pharma- 
cological purposes lies in the concentration limit, i. e. the lowest 
concentration in which a certain substance may still be 
demonstrable, 

^Vhat concentration limit should be determinable by means 
of a special method, in order to be of histo-pharmacological 
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value? If a drug is administered at a dosage of O.oi g/kg of body 
weight, and this is assumed to be diffusely scattered over the 
whole body, each cell will then have a concentration of 
1: 100 000. If, instead, a drug is dosed at one hundredth mg/kg 
of body weight, the corresponding concentration will be 1: 100 
millions. Accordingly, this would represent the degree of sensi- 
tivity to which an ideal histo-pharmacological method must 
necessarily answer. However, it must hardly be taken for 
granted that drugs are generally diffusely scattered over the 
whole body. The fact is that in some organs as, for instance, 
the kidneys, the liver, and other excretory organs, the con- 
centrations are often considerably higher while in others, e. g., 
the skeletal system, they are very much lower. Moreover, 
many drugs are known not to appear within the central ner- 
vous system (prontosil solubile, for instance,) others, again, 
being notable there at comparatively high concentrations. 
Furthermore, substances with a more specific effect are gene- 
rally assumed to occur at high concentrations in the parts 
where their action is exerted, for instance, the glycosides 
acting on the heart. Nevertheless, as already mentioned intro- 
ductorily, knowledge regarding this matter is, as a rule, very 
fragmentary. 

Is it, on the other hand, at all conceivable that a substance 
can produce an effect, for instance, on a cell at as low a con- 
centration as 1: 100 millions? According to Clark (1933), a 
concentration of 2: 100 millions of acetylcholine is enough to 
produce a 50 per cent inhibition in a frog’s heart. However, 
the number of molecules per cell is not as low. Thus, a con- 
centration of 1:1 000 millions of acetylcholine in the frog’s 
ventricular muscle implies about 10 000 molecules per cell. 

Even though a method of ideal sensitivity has, as yet, not 
been discovered, one less sensitive rendering, for instance, con- 
centrations of 1: 1 000 — 1: 100 000 detectable will, all the same, 
suffice for the analysis of many problems. 

It has long been known that fluorescent substances are 
observable in very low concentrations owing to this particular 
property of theirs. Thus, Haitinger (1937, 1938) states that 
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the concentration limit of salicylic acid in water is 1: 10®, the 
corresponding values for cosine being 1.33: 10^^, for fluorescein 
1.75: 10^®, and for Rhodamin B 1: 10^^, (1: 1 million millions). 

Some experiments have, in fact, been performed earlier with 
a view to examine the possibility of following drugs in the or- 
ganism by means of fluorescence microscopy. The mostly un- 
successful results are probably due, partly, to the unsatis- 
factory fixation methods and', partly, to the blue fluorescence 
of the majority of drugs which makes them invisible in the or- 
ganism, owing to the strong blue auto-fluorescence of the tissue 
itself which surpasses that of the injected substances. 

Even though drugs in water solution have a low concentra- 
tion limit, the situation is radically changed when drugs are 
mixed with or absorbed by strongly fluorescent substances, 
as in the tissues of the organism. However, the matter is simpler 
in the case of drugs with a fluorescent colour other than 
blue. Thus, prontosil and other azo-dyes with, for instance, 
fluorescent colours in red, yellow, etc., were found to be fairly 
easily detectable even when mixed with other fluorescent sub- 
stances (Helander 1944) . The concentration limit of pronto- 
sil solubile was determined by dissolving prontosil in blood 
serum at concentrations down to 1: 100 000, whereupon drops 
of serum were frozen and sectioned-in the usual manner. Even 
at a concentration of 1: 10 000, prontosil was still observable 
in 5 /4-sections, in spite of the strong blue fluorescence of serum 
which seems equal in strength to that of the tissue, at any rate 
in a subjective estimation. 

As regards sulfanilamide derivatives with blue fluorescence, 
a method was elaborated for producing a contrast in colour 
between the fluorescence of the tissues and that of the drugs. 
An account of this method will be given in Chapter HI. 

Aa the blood concentrations of the sulfanilamide derivatives 
used for therapeutical purposes lie at 1:10 000 — 1:20000, it 
seemed possible that these drugs could he detected by means of 
fluorescence microscopy in suffidenily low concentrations to 
render a study regarding their localization in the tissues of 
interest from a histo^harmacological point of view. 
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CHAPTER II 


Ilegarfliiig tlic possiMity of fletectiiig drugs 
by means of tlieir fluorescence 


Definitions 

The term plioto-luininescence indicates tlie property of a 
substance to emit light of a certain wave-length at illumination 
by rays of another wave-length. There are two different types 
of photo-luminescence, viz, phosphorescence and fluorescence. 
They are distinguished merely by a difference in degree, de- 
pending on the durability of the luminescence. The term phos- 
phorescence is used when the duration e.\'ceeds 0.5 X 10-« 
seconds, fluorescence indicating shorter time. A connection 
occurs between the wave-length of the exciting light and that 
of the emitted light, defined in Stoke’s law as follows; The 
wave-length of the main part of the emitted light is, as a rule, 
longer than that of the e.xciting light. The light absorption of a 
substance and its fluorescence have certain definite relations, 
clearly manifested in the connection between absorption 
spectra and fluorescence spectra. In P. Sjostkand’s paper 
(pages 11 — 13), a brief summary dealing with the subject of 
modern views on the nature of fluorescence can be found. 

In principle, rays of any wave-length are capable of pro- 
ducing fluorescence. However, Rontgen rays and ultra-violet 
rays are those most frequently employed. In fluorescence 
microscopy, the ultra-violet light has mostly come into use 
and, generaUy, the so-called Wood’s light. In the latter case, 
the visible light is removed by filters, and rays of the wave- 
lengths between 3 000 and 4 000 A. are mainly used. As a rule, 
filters ab-sorbing all visible light except a small part of the violet 
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rays, and with a maximum permeability of 3 500 A., are em- 
ployed. When an Hg-lamp serves as a source of light, rays of 
the wave-length 3 650 — 3 660 A. are chiefly used to cause 
fluorescence. 


Chemical constitution and fluorescence 

The question of the relationship between fluorescence and 
chemical constitution is still far from elucidated, our know- 
ledge being very fragmentary in this respect. 

There are extremely few inorganic substances with distinct 
fluorescence at illumination with ultra-violet rays. When 
pulverized, a strong fluorescence is stated to emanate from, 
above all, uranium salts, but also from barium-sulphide, 
caesium-sulphate, cadmium-wolframate, copper-l-chloride, 
phosphorous-pentoxide, magnesium-phosphate, zinc oxide, zinc 
sulphide, mercury chloride (HgCl), mercury nitrate, stron- 
tium sulphide and thorium chloride (Haitinger, Feigl, 
Simon 1932). 

In comparison, the number of organic compounds with 
fluorescence is much greater. This applies to the aromatic ones 
in particular. The majority of the fluorescent substances are 
derived from benzole and its higher homologues, as well as 
from many heterocyclic compounds. These groups are called 
flnorofores, e. g., pyron, azin, oxazin, thiazole, and the thiazin 
rings, as well as the rings occurring in anthracene and acridin. 
The fluorescence of a fluorofore group can be intensified by 
substitution with so-called auxoflore groups, and diminished by 
diminuflores. Other groups (so-called bathof lores) may cause 
a deviation of the fluorescence towards a longer wave-length, 
for instance, from the ultra-violet light into the visible field. 
This may be illustrated by benzole which gives rise to sub- 
stances with fluorescence in the visible field by means of 
substituting it with bathoflore groups. Hypsoflore is the name 
given to groups causing a deviation of the fluorescence in the 
opposite direction. 
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Amino- and liydroxylic groups are auxoflores, as well as 
their alkyl substitution derivatives, viz. NHCH3, N(CH3)2, 
OCH3, others, which are also bathof lores. IJnsaturated 
carbonic hydrogen residues, such as CH: CH2, and cyanic 
groups, C;N, have the same effect. Carboxylic groups are 
diminuflore and nitro groups, such as N0,N02, may fre- 
quently destroy the fluorescence. Nevertheless, there are ex- 
ceptions. Thus, m-nitrodimethylaniline, for instance, has a 
marked fluorescence. Among other fluorescent substances, 
those containing the azo-group N : N and the azometin-group 
C : N in a cyclic ring may be noted. However, the simplest 
compound of this type, viz. pyridin, has no fluorescence. 

The saturated groups, sueh as the alkyls, intensify the 
fluorescence. The halogens eause only a very slight deviation 
in the fluorescence but lessen the intensity. This effect in- 
creases with the atom weight from fluor to iodine. 

The amino groups in the naphthalene and anthracene series 
are, as a rule, sufficient for producing fluorescence. 

The aliphatic compounds generally do not fluoresce as 
strongly as the aromatic ones, whether in solid or in liquid 
fonn (Franklin, Allen 1940). Nevertheless, many ketones 
fluoresce as, for instance, acetone, its homologues and dike- 
tones. 

Acetylization is stated to have a weakening effect. Salt for- 
mation may involve a strong increase in the fluorescence, as 
for instance in fluorescein, which is explained by the re-arrange- 
ment of the molecules, e. g., a quinoid grouping of the atoms. 
On the other hand, the fluorescence of the aromatic amines 
is dulled when combined with salts. However, the exceptions 
from the above-mentioned rules are several. Thus, it may be 
of a certain value to point out that the fluorescence of pul- 
verized acetyl sulfathiazole is considerably stronger than that 
of sulfathiazole. Further, Haitinger states that the azo-dyes 
have a faint fluorescence. On the other hand, in my own in- 
vestigations, they have been found to have a very good fluore- 
scence when in a solid form. Apparently, it is as yet impossible 
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to predict, with any certainty, the degree of fluorescence of a 
substance, when basing conclusions merely on a knowledge of 
its chemical constitution. 


Physical factors affecting the fluorescence 

Owing to the fact that the physical factors influencing the 
fluorescence of substances have recently been dealt with in a 
survey account by F. Sjostband (1944), only a few main 
points will be briefly mentioned here. Among these factors, 
attention is first drawn to the aggregation condition. The 
fluorescence of a substance, whether in crystal, powder, liquid, 
or gas form, may vary not only in intensity, but also in colour 
and with regard to the fluorescence spectrum. Substances 
fluorescing in a solid condition have even been found not to 
do so when in a solution, and vice versa. Feanklin and 
Allen (1940) state that many inorganic salts only fluoresce 
when in a solid form. On the other hand, the fluorescence 
of many organic compounds may increase in proportion 
to a reduction of the concentration, but becomes weaker again 
after having attained a certain limit. Relatively speaking, the 
fluorescence of a substance in solution is more dependent on 
the surroundings than that of a substance in solid form. The 
solvent plays an important part. It may change the fluor- 
escence colour of the substance as well as its intensity. 

Hydrogen ion concentration acts in a similar way, and many 
fluorescent ampholytes, with the fluorescent colour varying 
according to the degree of dissociation, may by this means be 
used as pH-indicators. Solid substances, which do not fluoresce 
or have but an inadequate fluorescence capacity, may be 
brought to increase their fluorescence by being adsorbed to an 
adsorbens. They may hereby even be caused to phosphoresce. 
However, this will not change the fluorescence spectrum. 

At high temperatures the fluorescence may disappear com- 
pletely, while at lower temperatures from 0° down to that of 
liquid air, the fluorescence intensity may increase or only then 
become visible at all. As will be seen further on, Dutt’s (1930') 
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observations are of interest in this connection, viz. that many 
organic substances which have lost their fluorescence after 
several recrj^stallizations become fluorescent after heating to 
the melting-point, or owing to the influence of oxidation agents. 

Pro\’ided that substances are illuminated by light of absorb- 
able wave-lengtlis, the following rule will apply to solutions as 
well as to solid bodies; The fluorescence spectrum is indepen- 
dent of the wave-length of the exciting light. More detailed in- 
formation regarding the connection between the fluorescence 
and the chemical constitution and the influence of the physical 
factors may be obtained in works by Ley, Prixgsheim, 
Hattinger, among others. 


The fluorescence of various drugs 

A great deal of attention has been devoted to describing the 
fluorescence of various substances, including also a large num- 
ber of drugs. Surveys of this kind may be found in papers by 
WiKAKDER (1931), Haitinger, Feigl, Simon (1932), Rad- 
ley & Grant (1935), Dhere (1937), Haitinger (1938), 
Bequiristain (1942), and in Handbooks of Chemistry and 
Physics, etc. 

However, these surveys are not all in agreement. This is due 
to the fact that impurities may play a part with regard to the 
fluorescence and pure preparations have not always been used. 
Furthermore, it is of importance whether the substance has 
a crj'^stal, powder, or liquid form. Since this has not invari- 
ably been stated in the existing surveys, the divergencies 
become quite explicable. ^Nevertheless, data conform more 
often with regard to some other substances, viz. generally to 
those with the strongest fluorescence. Still, it is hardly worth 
while to give a detailed account of these investigations since 
every scientist, wishing to make use of the fluorescence of a 
substance for some purpose or other, must as a rule examine 
the fluorescence of the compound himself. This is all the more 
evident in view of the particular heating technique employed, 
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which will be subjected to a description in Chapter IIL By this 
means, not only the production of stronger fluorescence has 
been made possible, but also fluorescence in substances where 
it has been otherwise lacking. In Table 2, a survey will be 
found of some of the more common drugs which have been 
tested by the present author. 


22 



CHAPTER III 


The detection of drugs in tissue sections hy 
means of fluorescence microscopy 


Pre\iou8 investigations 

In order to be able to make use of the fluorescence of the 
drugs for localization in tissues, it follows, as a matter of 
course, that the auto-fluorescence of the tissues has to be 
known. A large number of works exist regarding the appear- 
ance of the tissues in the fluorescence microscope. 

They have shown that the tissues have an intense fluor- 
escence of their own which is so differentiated that an examin- 
ation of the sections can be performed without difficulty. Thus, 
staining is unnecessary for the localization of the required 
substances. 

Thanks to this, fluorescence microscopy is suitable as a 
histo-phnrmacological method even from a histological point 
of view. 

With the aid of the freezing-drying method for fixation in 
connection with a fluorescence microscopical examination of 
the tissues (F. Sjostrand), fluorescent substances can be 
carefully localized within the cells. This has not been possible 
with the earlier technique of fluorescence microscopy. The 
normal histological picture of a freezing-vacuum-fixed material 
has been described by F. Sjostrand (1944') who has, in 
addition, summarized the most important data from earlier 
literature in this respect. 

A great number of works also exist dealing with staining by 
means of fluorescent dyes (i. e. fluorochromes) and intravital 
microscopy with the fluorescence microscope, to which Ellin- 
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GEE, in particular, lias devoted considerable time and atten- 
tion. He has made a useful summary of these investigations 
(1940). 

As already briefly mentioned, the fluorescence of drugs has 
been employed earlier for the localization of drugs in the tis- 
sues. The number of investigations on this subject is fairly 
restricted, as is the case with all works which may be defined 
as histo-pharmacological. 

No studies of this kind are reported in Haitinger’s mono- 
graphs. Ellinger’s survey of the fluorescence microscopy in 
biology (1940) contains only three, by V. Jancso, Fischl & 
ScHWENK and Bock & Oesterlin. 

The first attempts to ascertain drugs in the tissues were per- 
formed by Turchini (1926) who contended that quinine-HBr 
and Na-salicylate should be recognizable owing to their fluore- 
scence. He reported that after the injection of large doses of 
Na-salicylate an accumulation of this substance was detectable 
in the tissues of the joints. Joseph (1927) used the same sub- 
stances with approximately identical results. He also experi- 
mented with esculin and hydrastinine. Esculin has been admi- 
nistered in vascular diseases and Joseph considered himself 
able to observe this substance in the intima and media of the 
vessels but not in the endothelium. He believed himself also to 
be in a position to confirm the conception that hydrastinin af- 
fects the uterus via the nervous system owing to the blue 
fluorescence of nerve centres, muscles and the musculature of 
the uterus. 

Carnot and Coquoin (1926) also attempted to localize 
Na-salicylate by means of its fluorescence. They subjected 
photographs of the fluorescence of organs treated with Na- 
salicylate to comparisons .with photographs of animals not 
treated in this way. However, they did not employ a micro- 
scopical method. 

All the above-mentioned authors emphasize the difficulty of 
distinguishing the fluorescence of drugs (all fluorescent in blue) 

; from that of tissues. The results obtained by them must un- 
doubtedly be regarded as fairlj'^ uncertain. 
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Spitzer and Loos (1934) followed the diffusion in the cen- 
tral nervous system of fluorescent dyes, such as thioflavin S, 
coriphosphin,etc., after injections in the sciatic nerve on rabbit. 
They also tested novocain in this connection. This substance 
was evidently not ascertainable by its auto-fluorescence. Thus, 
the authors stated that it diminished the auto-fluorescence of 
the nerves, while simultaneouslj'’ changing the structure of the 
interstitial tissue which had a swollen appearance. However, it 
seems open to discussion whether in this case the effect was 
not due rather to the water in which the novocain had been 
dissolved than to the novocain itself. Furthermore, also the 
sciatic nerve of the other side was found to be stained by the 
injected substance. The conclusion was drawn that the diffu- 
sion took place in the lymph tracts. Trypaflavin, etc., on the 
other hand, did not extend beyond the limit of the injection 
pressure and the diffusion. In 1941, Haas confirmed these re- 
sults by means of a similar investigation with coriphosphin, 
using intramuscular injection on frog. 

Oberdalhoff (1939) discovered siliciferous dust in the 
lungs after staining with auramin by means of fluorescence 
microscopy. Sofue (1940) attempted to study the diffusion of 
quinine derivatives in the organs and tumours of rat. He em- 
ployed ordinary frozen sections and observed them macrosco- 
pically. 

Miesher (1941) followed the penetration of fluorescent 
substances through the skin, using aurophosphin and eosin. 
Among real drugs, only trypaflavin and salicylic acid was 
applied, particular attention being paid to the difficulty of fol- 
lowing this substance owing to the fact that the tissues fluo- 
resce in the same colour. 

Graffi (1939 — ^1), Gunther (1941 — 42), Doniach, 
Mottram and Weigert (1943), among others, have studied 
the penetration of benzpyrene and other cancerogenic substan- 
ces through the skin and their localization. 

The attempts to localize vitamins are numerous and, parti- 
cularly concerning the A and B vitamins. Von Querner 
(1932, 1935) and voN Querner and Sturm (1934) observed 
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a fluorescent substance in liver cells, retina, fresh liver oils and 
butter which they considered to be an A vitamin. These invest- 
igations were later repeated by Hirt (1939) who obtained on 
the whole similar results. Also Patzelt and Shairer (1940 — 
41) and Popper (1940) have performed examinations with A 
vitamins. 

Ellinger and Koshara (1933, 1934) identified a yellow- 
coloured fluorescent substance in the liver and in the kidneys 
as riboflavin. VoN Etiler, Hellstrom and Adler (1935) 
studied the occurrence of riboflavin in the eye of the cod and 
some mammals. Ellinger and Hirt (1938 and 1939) followed 
riboflavin through the kidneys and the liver. Apart from the 
work by v. Euler and col., no definite reasons have been offer- 
ed proving the examined substances to be actually vitamin A 
or B. 

Also the relation of chemo-therapeutics to bacteria and try- 
panosomes has been studied by means of fluorescence micro- 
scopy. Thus, V. Jancso’ (1932) examined the effect of acri- 
flavin, trypaflavin, and other chemo-therapeutics on trj^pano- 
somes. The drugs were injected into infected mice and rats. 
In the blood of treated animals the trypanosomes disclosed 
marked fluorescence. However, resistent strains remained un- 
stained and the conclusion was drawn that in order to cause an 
effect these drugs must penetrate into the parasites. 

Similar experiments were described by Eischl and 
ScHWENK (1932). Eischl and Singer (1935) were able to 
prove that atebrin penetrated into the malarian plasmodia on 
birds, while Bock and Oesterlin (1939) ascertained atebrin 
and quinine in the malarian plasmodia of monkey. 

Er. Ealkenstein (1932) subjected a rabbit uterus to treat- 
ment with flavadin (which was used earlier in cervix gonorr- 
hoea) . He found that both the mucous membrane and glands 
fluoresce in a greenish-yellow colour owing to flavidin.. These 
greenish-yellow streaks extended right down into the muscu- 
laris mucosse. Hofstatter (1938) repeated these experi- 
ments. 
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Finally, Helander, Richtner, F. Sjostrand and T. Sjo- 
STRAI^ have examined the resorption of sulfathiazole through 
the mucous membrane of the nose on rabbit (1945). 


Own investigations 

The fluorescence of heeded drugs 

Drugs with a fluorescence in colours other than blue, e. g., 
red, green, yellow, brown, etc., are, as a rule easily detectable 
in the tissues, as mentioned earlier. 

As has* already been pointed out, the fact that the blue 
fluorescence of drugs is surpassed by the auto-fluorescence of 
tissues represent, on the other hand, one of the most difficult 
problems in histo-pharmacological studies by means of fluor- 
escence. Therefore, an attempt to change the conditions of 
fluorescence so as to bring forth a contrast was looked upon as 
urgent. Various methods of elucidating this question were test- 
ed. Attempts were made to eliminate or reduce the fluorescence 
of the tissues by illumination with ultra-violet light. The effect 
of prolonged illumination is extremely strong, causing marked 
reduction in the fluorescence of the tissues. Unfortunately, 
however, the same reduction occurs in the fluorescence of the 
drugs. Attempts were performed to treat the tissues with the 
above-mentioned substances (Chapter 2) for reducing fluor- 
escence but without avail. Since every method involving a 
possibility of diffusion in the tissues should a priori be avoided, 
the question whether or nor heating of the slices causes any 
change in the fluorescence colour was tested in the hope that 
drugs would be more resistent than tissues towards heating. In 
the following, an apparatus will be described which has been 
constructed with a view to obtain an even temperature of the 
whole slide. 

Apparatus. A small electrical furnace (Fig. 2) was used for heating the 
specimens, the construction of which is shown in Fig. 3. The joints of 
the furnace chamber are welded. The door can be made perfectly air- 
tight when so required. At the rear, a tube is inserted into the wall for 
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Fig. 2. The electrical furnace for heating sections at a constant 

temperature. 


connection Tiith the outer air, this to facilitate heating when necessary 
without the afflux of air, in the presence of other gases, etc. The tempe- 
rature can be modified by means of a mercury thermome’^er-thermostat 
which connects or discoimects the current according to the particular 
temperature at which it has been set. As a rule, a thermometer adjust- 
able at a temperature of up to -f- 300'’ C is adequate for this purpose. 
The temperature may be maintained at a sufficiently constant degree 
by means of this regulation contrivance. At -i-200'’ C the variations in 
temperature amount to a maximum of ±5° C. 

Na-salicylate was used, to begin with, in these investigations, 
this substance hatdng long been well known for its pronoun- 
ced fluorescence. The very first experiments with musculature, 
injected with Na-salicylate, indicated the probable usefulness 
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Fig. 3. A diagram of the furnace. 


A r= Copper of furnace chamber. 
B = Mica insulation. 

C = Chromium-nickel thread. 

D = Insulated vrire leading to plug 
connecting ■with 220 volt a. c. 
E = Asbestos sheet. 

F Air space. 


G =: Asbestos powder. 

H= Iron plate. 

I = Pipe for evacuation of fur- 
nace when required. 

,T = Etemite slab. 

K = Removable lid. 

L = Tube for thermo-stat. 


of this method. Although the fluorescence of the tissues had 
not admittedly disappeared after heating up to -4-200 C tor 5 
minutes, as had been expected, a change had, nevertheless, 
occurred to a yellow colour, while the Na-sahcylate in 
the tissues remained a blue- violet. Later experiinen s wi 
sulfathiazole-Na disclosed a change in the colour ot this sub- 
stance too, after heating for the purpose of obtaining a con- 
trast with the fluorescence of the tissues. At 225° for 3 minutes, 
the tissues became yellow and the sulfathiazole 
ally, a still more distinct contrast appeared at 170 5 min., t 
tissue still being a blue-grey and the sulfathiazole a cle y 
low. These colours remain even after the cooling o 
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Another fact of great significance was the considerably more 
intense fluorescence of the tissues after heating to a tempe- 
ture of between 150° and 225°, than before the heating pro- 
cess. Accordingly, the examination of the sections was facili- 
tated (Helander 1943). 

The fluorescence of tissues after heating 

As a result of this observation, the condition of the tissues 
and some drugs, at heating to different temperatures, was 
subjected to more systematic analysis. 

Incineration of histological sections has long been performed 
in histo-chemical examinations, particularly as far as the studies 
of the inorganic constituents in the cells are concerned. On the 
other hand, no observations seems to have been made regarding 
the reaction of the cells and the tissues at heating to different 
temperatures for varjdng periods of time. And yet, these con- 
ditions should be of a certain interest even 'per se, apart from 
their significance with regard to the usefulness of fluorescence 
microscopy in histo-pharmacology. For the tissues change their 
fluorescence colour in an exceedingly regular fashion at increas- 
ing temperature and when exposed to a prolonged period of 
heating, different elements acting differently in this respect. 

•Generally speaking, it may be said that the usual change in 
colour at an increase of temperature is as follows (the data 
below concern a heating time of 5 minutes): The general, rather 
dark blue auto-fluorescence of the tissues is transformed to a 
lighter blue at -}-150° C, becoming blue-grey at 175°, grey- 
yellow at 200°, grey-yellow-brown at 225°, yellow-brown at 
250° and dark brown at 275°. At 300° they lose their fluor- 
escence and appear quite dark. However, there are quite a few 
exceptions from this general rule, only a small number of 
which will be mentioned here. (The changes in colour of 
various tissues and cells will be found in Table 1.) 

Elastin is distinguishable from other tissue constituents 
owing to its intense blue colour. This colour is, in addition, 
very thermo-resistent. It remains even after heating at 225° 
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for 5 minutes. Consequently, elastin is always easily dis- 
tinguishable from other elements in the tissues. The same 
applies to collagen which has, nevertheless, a considerably 
darker colour. 

The cellular nuclei vary somewhat in the different organs. 
While the nuclei in renal tubules, for instance, are grey blue at 
175°, the cellular nuclei of the liver have a pale blue colour. 
This must, in all likelihood, be ascribed to a difference in the 
cellular constitution. However, both become grey-brown at a 
high temperature. The yellow granules in the reticulo-en- 
dothelial system lose their fluorescence at approximately 175°. 

The ganglion cells of the brain also disclose specific con- 
ditions, being almost white, while other cellular nuclei are grey- 
yellow or yellow at 200 — 225°. Nevertheless, since an analysis 
of the reasons for these changes in colour would not be of any 
particular interest in this connection, there is hardly any 
reason to enter more closely upon these problems. 

Within certain limits the same effect can be achieved either 
by an increase in the temperature or by a prolongation of the 
heating. Therefore, in the following it has generally not been 
considered necessary to vary the heating periods but merely 
the temperature. See further Table 1. 

The detection of drugs hi tissues after heating 
the sections 

The possibility of detecting drugs in the tissues by means of 
this method has been investigated as follows: Drugs have been 
injected in 1 or O.i per cent solutions into the femoral muscula- 
ture of mice at doses of 0.2 — 0.5 ml. Large parts of the muscu- 
lature have been soaked with the fluid. After 15 — 30 minutes, 
the animal has been killed and about ten muscular pieces (from 
different parts of the musculature) have been excised and pre- 
pared by means of the usual freezing-drying method. 

Then, the sections have been heated to different temperatu- 
res, the standard series of 150°, 175°, 200°, 225° and 250° C 
having been used for periods of 5 minutes (one .slice for each 
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temperature) and subjected to examination in the fluorescence 
microscope. This has been done in order to establish whether 
sufficient contrast was obtainable in the tissue. As may be 
derived from Table 2, it was found that several drugs were 
ascertainable in this way, owing either to a change in their 
colour or to the fact that they maintained their colour while 
the tissues changed theirs. It is noteworthy that in some cases, 
e. g., acetylcholine, substances without fluorescence have ob- 
tained this property after heating. As may be seen from the 
table, the most common transformations in colour are those 
from yellow to brown. 

The reason for this change in colour has not been closely 
inquired into. In some cases, an oxidation of the cellular struc- 
tures has probabK’ taken place, in others a re-arrangement of 
the molecular structure of the substances may be conceivable. 
Nor may the fact be overlooked, that the adsorption or proxi- 
mity to the tissue structure may, sometimes be of significance 
with regard to the change. 

Accordingly, as regards sulfathiazole, the change in colour 
will, at least in part, be due to the oxidation of the drug. Thus, 
it has been demonstrated that a similar change in the fluor- 
escence was obtainable by boiling sulfathiazole together with 
hj'drogen peroxide. 

In the fore-mentioned work by S. Dutt (1930), a similar 
result was arrived at, viz. that substances (quinine, eosin, 
fluorescein), which had lost or decreased their fluorescence 
during repeated recrystallizations (18 — 58 times during the 
course of seven years), regained their fluorescence after treat- 
ment with oxidation agents or by heating to the melting-point 
for a short space of time (i. e. approximately 10 minutes). 

However, in this connection the principal matter is that 
changes in colour actually take place. Accordingly, the cause of 
the changes has not been studied in other instances. 

The concentration limit obtained after heating the sub- 
stances may differ to some extent. In general, a concentration 
of at least 1: 1 000 of the various drugs can be detected. The 
concentration limit of sulfathiazole has been determined in 
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■ Table 2. The fluorescence colour of various drugs and 



Melting 

points 

Fluorescence in 
pure, pulverized 
form 

Fluore- 

Drugs 

Before heating 



Colour 

Intensity 

Colour 

Contr. 

Ascorbic acid 

190-2° 

bl. 

+ 

— 

— 

Acetylcholine Roche 

172—3° 

p. bl. 

+ "f" 

— 

— 

Atropine sulf. 

CO 

1 

00 

bl. 

+ + 

— 

— 

Dicodide bitartrate 

146-8° 

gr. 

+ + + 

— 

— 

Dionin 

125° 

y- 



— 

Eucodal 

270° 

— 



^ — 

Eupaverine 

158° 

gr- 

+ + + + 

gr. 


Homatropine hydrobromide 

212° 

— 

— 

— 

— 

Pantocain 

149-50° 

bl. 

+ + + 


— 

Papaverine hydrochloride 

231° 

V. 

+ 

P--gr. 

+ + “f 

Penicillin 

— 

er.-y. 

+ + + 

— 

— ' 

Percain Ciba 

97° 

bl. 

+ + 



Priscol Ciba 

171° 


~ 


— 

Prontosil sol. Bayer 

— 

r. 

+ + + 

r. 

+■ + + + 

Riboflavin 

275—80° 

y- 

+ + + 

gr- 

+ + + 

Salazopyrine Pharmacia 

— 

r,-br. 

+ 

g.-br. 

+ + + 

Salazothiazole Pharmacia 

— 

r.-br. 

+ 

d. br. 

+ + + 

Sodium Salicylate 

— 

bl. 

+ + + + 

bl. 

+ 

Sulfanilamide Astra 

163° 

bl.-g. 

+ 

' — 

— 

Sulfapyridine Pharmacia 

190—3° 

bl. 

+ + + + 

— 

— 

Sulfathiazole Astra 

202° 

bl. 

+ 


— 


The distinctness of the contrast is denoted by +. The greater the number of 4* signs, 
List of obhrcvicLtioiis ; bl. = blue br. brown g. = grey gr* — green 
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the change in cohur of tissue sections after heating. 


seen ce 

in tissues 






Concen- 
tration of 
injected 
solutions 

After 150 

° 6 min. 

175“ 

3 min. 

200° 

5 min. 

225° 6 min. 

Colour 

Contr. 

Colour 

Contr. 

Colour 

Contr. 

Colour 

Contr. 

br. 

-f •+ -f 

■ 

br. 

*1* -J- 

y.-br. 

4-4-4- 

y.-br. 

4- 4" 

1 

100 

y. 

-f 

y- 

•f- -}* 4* 

y- 

J- 

> t 

y.-br. 

4-4- 

1 

4 000 

br.-y. 

+ -*- + 

br.-y. 

+ 4- + 

r.-v. 

4- 4- 4- 4- 

p. r. 

4- 

1 

100 

— 

• — 

g.-br. 

+ + 

y.-br. 

-b -b -b 

br.-y. 

4- 4* 

1 

100 

br.-g. 


br.-g. 

-h-f- + 

br.-g. 

4-4- 

y.-br. 

-i- 

1 

100 

f. y. fl. 

+ 

y- 

t 4* 4” 

y. 

4-4-4- 

y- 

4* 4- 

1 

100 

gr.-y. 

+ + -r 

g--y- 

++ 

g.-y. 

+ 

p. br. 

4- 

1 

100 

f.br.fl. 

A. 

1 

br.-y. 

4- + 

y. 

4-4-4- 

y. 

4- 4- 4- 

1 

o 

o 

y. 

+ + 

y. 

4* 4- -b 

y. 

4-4-4- 

y.-br. 

4-4- 

1 

100 

P- gr. 

-f O. ^ 

br.-y. 

4-4-4- 

br.-y. 

-b -b -b 

br.-y. 

4- -b 

1 

100 

■y. 

+ 

y.-br. 

4-4-4- 

y.-br. 

+ 

br. 

4- 

1 

1000 

y.-g- 

+ 

y.-g- 

-b -f- -f 

y.-g- 

4-4- 


4“ 

1 

100 

— 

— 

y. 

4-4-4- 

y. 

4-4- 



1 

1000 

r. 

+ + + 

r. 

4-4- 

r. 

4* "h 


4-4- 

1 

1000 

gr.-br. 

+ + 

br. 

4-4-4- 

br. 

4" 4- -h 


4- 

1 

1000 

g.-br. 

-J- 4- 

br.-g. 

4-4-4- 

br.-g. 

-b-b 


4- 

1 

1000 

d. br. 

“h *!" *i" 

p. br. 

4-4-4- 

p. br. 

4-4-4- 

r. br. 

4-4-4- 

1 

1000 

bl. 

+ -f + 

bl. 

4-4-4- 

bl. 

4-4-4- 

br.-g. 

4- 

1 

100 


-f ++ 

y. 

4-4-4- 

y.-br. 

4-4- 

br. 

4-4- 

1 

1000 

y- 

++-f 

y. 

4-4-4- 

y.-br. 

4-4- 

br. 

4-4- 

1 

1000 

— 

— 

y. 

4-4-4- 

p. br. 

4-4-4- 

d. br. 

4-4-4- 

1 

1000 


the more distinct the contrast colour. See further page. 

r. = red v. = violet y. = yellow p. = pale contr. = contrast. 
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accordance with previous methods adopted with regard to 
prontosil, and has been found to lie at 1:1000 — 1:10 000. 
This concentration limit is somewhat higher than that of 
prontosil. Therefore, it is insufficient for the ascertainment 
of siilfathiazole given in therapeutical doses, provided that the 
distribution in the tissues is diffuse and approximately equal 
to the blood concentration. However, this method is adequate 
in the case of sulfanilamide compounds when occurring in 
somewhat higher concentration than that of the blood, e. g., in 
the kidneys, and at local application. Thus, this method of 
ascertaining sulfathiazole and other sulfanilamide derivatives 
after heating must be regarded as quite useful for the above- 
mentioned 'purposes. 

A’p'paratus and photography: Reichert’s iluorescence lamp Lux UV, 
with the mercury high-pressure burner Hanau S 100, has been used 
as a source of light for the fluorescence microscope. The optic is made of 
U\^ glass. A liquid filter, 30 mm thick, with a copper-sulphate solution 
(2.5 %) has been employed, as well as two filters of black glass, 2.5 mm 
thick. 

The microscope consists of an ordinary Zeiss microscope stage with an 
UV glass condenser and Leitz’ non-fluorescent objectives 6 FI and 1/12 FI. 
These objectives are supplied with an objective iris diaphra^ wliich in- 
creases the distinctness of the pictures to a great extent. Ordinary objec- 
tives are used in the case of lower magnification than 20 X. Zeiss’ non- 
fluorescent immersion oil is applied. Lastly, an ocular filter absorbing the 
UV is placed on the ocular. A micro outfit (Miflex) with a Leica camera 
is used for photography. The Agfa-color daylight film has been chosen 
for the purpose. At low magnification, i. e. to 20 X and lower, the ocular 
filter absorbing UV has been applied, Avhile no filters occur when the 
objectives 6 FI and 1/12 FI have been made use of (these objectives 
having in themselves an euphos glass filter). The times for exposure have 
varied from 5 to 45 minutes. Owing to the fact that different film rolls 
may have somewhat varying degrees of sensitivity, that varying lengths 
of exposure are required in order to do justice to the different colours, 
and, further, since an estimation of the strength of light of the slice 
concerned is extremely difficult, as a rule, 3 to 4 pictures have been taken 
of each slice with varying times of exposure. It should be noted in this 
connection that new sections or new parts of the sections have to be 
taken at each exposure, on account of the intense reduction of the 
fluorescence of the slice when exposed for longer periods of time. 
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PART II 


PROBLEMS AND RESULTS 




CHAPTER IV 


Aspects of tlic problems and earlier iiivestigatioiis 
regarding tlic relationship between the effect 
and loailization in the tissues of 
sulfanilamide dcriTatiTcs 


The iherapcuticnl effect of (lulfnnilnmiclc ns compared 
to prontosil nilirum and solulnlc 

Animal experimenU 

The first sulfanilamide derivatives produced by Klarer and 
^IlETSCH, the effect of which was demonstrated by Domagk 
on experimentally infected animals, were prontosil rubrum and 
prontosil solubilc. The former substance is a basic azo-dye^ and 
the latter one an acid azo-dye. Domagk proved prontosil to be 
inactive in vitro, itschema-thcrai>eutical effect being manifest- 
ed only in vivo. His finding was confirmed by Lev'ADITI and 
Vaismax (1935) and, a little later, by Nitti and Bovet 
(1935), Trefouee, Tnf!:FOUEL, Nitti and Bovet (1935) 
found that the sulfanilamide contained in these two compounds 
had a chemo- therapeutical effect in vivo, as well as in vitro. 
They concluded that, in all likelihood, the prontosil was con- 
verted to sulfanilamide in the organism. These results were 
soon confirmed by several authors, viz. Colebrook, Buttle 
and O’Meara (1930), Colebrook, ICenny (1936), Buttle, 
Gr-ay, Stephenson (1930), Long, Bliss (1937). In 1938, 
Engel demonstrated the reduction in vitro of prontosil to sul- 
fanilamide caused by liver, kidney and blood. Later, many at- 

^ As regard-? the formulnt*, see U>c folded page nl back of cover. 
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tempts have been made to prove that prontosil only produces 
an action after conversion to sulfanilamide. 

In 1937, FulIiER found that approximately half of the ad- 
ministered dose of prontosil was converted. However, he was 
unable to prove that this quantity would suffice to explain the 
effect on infected animals. In 3 groups comprising 10 infected 
mice who had been administered, on an average, 25 mg of 
prontosil solubile parenterally, 7, 7 and 5 mice, respectively, 
had died by the 5th day. 6 out of 10 mice, which had received 

22.5 mg of sulfanilamide, had died on the same day. In this case, 
the preparations had produced about the same effect, notwith- 
standing the fact that, according to Fuller’s investigations in 
this particular instance, only approximately of the injected 
prontosil dose can have been in the form of sulfanilamide. He 
states further that the infected groups receiving prontosil ex- 
creted more sulfanilamide than did the normal groups. 

Feinstone, Bliss, Ott and Long (1938) compared the 
effect of prontosil solubile and sulfanilamide after administra- 
tion in one single peroral dose. They employed equimolecular 
doses and achieved almost the same effect with both prepara- 
tions, However, in order to render these experiments compar- 
able, it is essential that regard be paid not only to the necessi- 
ty of equimolecular doses, but also to the precise quantity 
which has been reduced. Therefore, the blood concentration of 
sulfanilamide has been determined after the administration of 
prontosil solubile, as well as pure sulfanilamide, in doses of 

20.5 mg and 6 mg, respectively. 

The result then obtained was somewhat surprising, i. e. all 
the prontosil had been converted to sulfanilamide, and the 
same blood concentration occurred (in mg per cent), whether 
1, 2, 3 or 4 g were injected of prontosil solubile per kg of body 
weight. Since a large quantity of the injected prontosil dose is 
observable as excreted into the urine in an unchanged condi- 
tion, the possibility of some source of error inherent in the 
method of determining the sulfanilamide may be considered. 
The above-mentioned authors have, for instance, not offered 
any explanation of the manner in which the sulfanilamide has 
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been determinable in the presence of prontosil, which is 
strongly coloured. In another work by Long and Bliss (1938), 
they state that from 65 to 75 per cent of ingested prontosil is 
reduced in the body. 

Also Litchfield, White and AIahshall (1941) establish 
the fact that the chemo-therapeutical effect of prontosil is al- 
together dependent on the sulfanilamide formed. They draw 
attention to the inadequacy of earlier investigations, with a 
view to demonstrate the effect of prontosil as due to the con- 
version to sulfanilamide performed by Gley, Girard (1936), 
Buttle, Gray, Stephenson (1936) and Feinstone, 
Bliss, Ott, Long (1938). These authors based their con- 
clusions merely on the effect of a single daily dose. This would 
not suffice considering the difference between the blood con- 
centration-time curves of the two drugs. Litchfield, White 
and hlARSHALL instead adopted the principle of mixing the 
compounds with the food. The drugs were administered in equi- 
molecular quantities, O.i per cent for sulfanilamide and 0.4 per 
cent for prontosil. In this way, they obtained comparable 
blood concentration-time curves during a series of twenty-four 
hours. They also discovered that all prontosil was converted to 
sulfanilamide. Nevertheless, the fore-mentioned criticism 
applies also in this case. For quite a large amount is, all the 
same, excreted in the form of prontosil. 

However, since the effect of equimolecular doses of prontosil 
solubile and sulfanilamide oh infected animals in’ their invest- 
igations was approximately similar (in both cases), they in- 
ferred that the chemo-therapeutical activity of prontosil is de- 
pendent on the sulfanilamide formed by it. 

Still, whether or not the effect of prontosil and sulfanilamide 
is equal in all kinds of infections is not deducible from these 
experiments. They merely serve to show that the blood con- 
tration is a determining factor -with regard to the result of the 
treatment of sepsis, animals without a positive blood culture 
at the heart puncture having been excluded. In addition, it has 
not been definitely proved that all the prontosil has been con- 
verted into sulfanilamide. In fact, the results arrived at by 
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several other investigators appear far more probable, viz. that 
about half of the administered dose of prontosil solubile is re- 
duced. Nor have the drugs been shown to have an equal effect 
on infections of a more local nature. 

The coupling to an azo-dye has, on the basis of these results, 
rather generally been concluded to be unnecessary and insig- 
uificant with regard to the chemo-therapeutical effect. How- 
ever, Domagk, among others, calls in question the accuracy 
of these statements, declaring that in several instances the ef- 
fect of coloured prontosil compounds is better than that of 
sulfanilamide. 

This belief in the superiority of prontosil preparations to 
sulfanilamide in some infections finds support in animal experi- 
ments, as well as in clinical experience. In a typical test se- 
ries, published by Domagk in 1944, mice in groups of 20 were 
subjected to intramuscular infection with streptococci and 
treated after periods of 1, 8 and 24 hours, respectively. None 
of the 18 controls survived, and only 4 of the ones treated with 
sulfanilamide and 8 of the ones given prontosil solubile. It 
should also be noted that the same doses in grammes have been 
used in the case of both drugs. Nor has any regard been paid 
to the fact that equimolecular doses would have required about 
3 times as large a dose of prontosil. Further, probably only 
half the prontosil dose is converted to sulfanilamide. As al- 
ready mentioned, Fuller arrived at a similar result. In 1937, 
Whitby produced approximately the same effect by the sub- 
cutaneous injection of 7.5 mg of prontosil solubile and an oral 
administration of 25 mg of sulfanilamide on mice infected with 
streptococci. 

Clinical examinations 

A disease which has. been particularly made use of clinically 
for comparisons between prontosil solubile and prontosil 
rubrum, on the one hand, and sulfanilamide, on the other, 
is erysipelas. Still, data regarding the clinical experiences 
are very hard to judge, owing to the extremely incalculable 
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course of this particular disease and its marked tendency 
towards self-healing. Moreover, published investigations are, 
especially wdth regard to the description of the primary ma- 
terial, frequently too restricted to afford any facilities for de- 
termining mth certainty, in the first place, whether chemo- 
therapeutics have any better effect at all than earlier methods 
of treatment and, in the second place, whether any of the 
cliemo-therapeutics employed have been superior to others. 
In addition, owing to the fact that at first exceedingly small 
doses have often been given and data regarding the dosage are 
lacking in some instances, and by reason of the confusion 
caused by using the term prontosil album for Bayer’s sulfanila- 
mide preparation, and, finally, because of the frequent neglect 
to specify the particular prontosil preparation employed 
(simply prontosil being referred to), it is verj’- difficult to find 
any comprehensive material in the literature containing direct 
comparisons between the coloured prontosil compounds and 
sulfanilamide. 

As early as in the year 1935 , a number of works existed 
dealing with the good effect of the coloured prontosil deriva- 
tives on erysipelas (Klee and Romer, Gmelin, Schreus). 
ScHREUS even goes so far as to consider these drugs as a spe- 
cific means to counteract this disease. He is of the opinion that 
this can, to a large extent, be explained by the staining of the 
skin caused by these drugs. Favourable results with co- 
loured prontosil preparations have also been obtained by 
Tonndorff ( 1936 ), Becker ( 1937 ), Meyer zu Horste 
( 1936 ), TJnshelm ( 1937 ), Snodgrass and Andersson 
( 1937 ), Buchheim and Drechsler ( 1 . 938 ), Strobel ( 1939 ), 
Anderson ( 1939 ), Volavsek ( 1940 ), Lohe ( 1940 ), Hoff- 
HEINTZ ( 1940 ) and Hegler ( 1944 ). 

In a large statistical survey of 998 cases, 162 of which were 
treated with sulfanilamide, Hoyne, Wolf and Prim ( 1939 ) 
found this method of treatment superior to those used earlier. 
This result was obtained also by Snodgrass and Anders- 
son ( 1938 ), Toomey ( 1938 ), Christensen ( 1939 ), Nelson, 
Rinzler and Kelsay ( 1939 ), Foley and Yasijna ( 1940 ), 
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and others. Thus, it must be looked upon as fully established 
that chemo-therapeutics are superior to the methods of treat- 
ment used earlier for erysipelas. The small number of authors 
who have not found any effect with chemo-therapeutics have 
based their investigations on very restricted materials, con- 
taining as a rule only about thirty cases. In addition, they 
have generally applied this form of treatment at a fairly late 
phase in the course of the disease. [Haetl (1936), Konig 
(1939), ISHIKAWA (1939) and SiTTENAUEE (1940).] 

The investigations performed with the direct purpose of 
comparing the effect of coloured prontosil preparations and 
sulfanilamide are rather few. Pol-ony (1939) concluded, af- 
ter having treated approximately 150 cases of erysipelas, that 
the coloured chemo-therapeutics were more favourable than 
sulfanilamide. Snodgrass, Andersson and Rennie (1938) 
compared the effect of prontosil rubrum, sulfanilamide and 
benzyl sulfanilamide on a series of 242 cases in all. In an ear- 
lier examination of 312 cases, treatment with prontosil rubrum 
was found to be more effective than with ultra-violet light. The 
same applies to sulfanilamide in relation to ultra-violet light in 
another series of 270 cases. In these examinations, the average 
total dose of prontosil rubrum Avas 5 g, the maximum dose 
being 15 g. The corresponding figures as regards sulfanilamide 
are 14.64 g and 41.6 g. 

In the comparative examination between prontosil rubrum 
and sulfanilamide, the doses were approximately equimolecular, 
1 — 2 g of prontosil rubrum being administered every 4th hour 
and 0.5 — 0.75 g of sulfanilamide every 4th hour. Prontosil rub- 
rum was but slightly superior to sulfanilamide. Nevertheless, 
it should be emphasized that the results are still not quite com- 
parable. A proper comparison would require a conversion of 
all the prontosil to sulfanilamide. However, such a complete 
conversion does not occur. The fact that the toxic effects 
on a patient treated with sulfanilamide are about twice as 
frequent as those on patients given prontosil may also serve 
as further indication of the but partial reduction of the pronto- 
sil. Thus, taking for granted that prontosil exerts its effect by 
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reduction to sulfanilamide, the same result -will be obtained 
with prontosil as with sulfanilamide, though without the 
toxic effects in the former case. In my opinion, this must 
be interpreted as a concentration of sulfanilamide, produced 
by reduction of prontosil, at the site of the infection at least 
equal to the one obtained with sulfanilamide, though with a 
lower blood concentration in the former case. 

It is, in fact, a usual mistake to suggest that sulfanilamide 
and other simple sulfanilamide derivatives produce effects 
identical with those of prontosil, the same dosage or even a 
lower dose of the coloured prontosil preparations having been 
administered, without any regard to the fact that the doses 
are not equimolecular and that not all the prontosil has been 
reduced. Since the same effect has been ascertained with sulfa- 
nilamide as with prontosil solubile, with a similar dosage in 
grammes, and the blood concentration of sulfanilamide after 
prontosil treatment may, in all likelihood, be assumed to 
amount, at most, to of the one obtained after administra- 
tion of pure sulfanilamide, prontosil must in these cases be 
said to be superior to pure sulfanilamide. These observations 
may also serve to throw light upon the insignificant toxic 
effects produced by coloured prontosil preparations. 

The reason why coloured prontosil preparations are, in some 
cases, superior to pure sulfanilamide is unknown. Levaditi 
(1938) has tried to account for this discrepancy between dose 
and effect by assuming that the prontosil preparations, as well 
as so many other dyes, are absorbed by the R. E. S., where 
they attain high concentrations. This explanation would be all 
the more appropriate in view of the fact that even bacteria 
are usually phagocytized in these cells. Accordingly, the pre- 
requisites for a chemo-therapeutical effect (i. e. a contact be- 
tween sufficiently high concentrations of chemo-therapeutics 
and bacteria) would increase by the azo linkage. 

Still, this is merely a conjecture, no relationship having been 
demonstrable as between the R. E. S. and prontosil compounds. 
Borell and Troell ( 1943) showed that sulfathiazole did not 
hinder the capacity of the R. E. S. to absorb trypan blue. 
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The investigations of Levaditi, Bequignon & Reinie (^38) 
have been carried out as follows: They subjected mice to intra- 
peritoneal injection of carbon, tubercle bacilli, etc. After a 
few days, when inflammatory granuloma had developed in the 
abdomimal cavity, prontosil rubrum was administered per os. 
The granuloma were seen to have a red colour. The micro- 
scopical examination revealed granules of a red substance 
(since the fixation method has not been specified, the data 
regarding the localization are difficult to judge). Thus all 
that has been proved is that prontosil may be observed in 
the inflammatory connective tissue. However, Domagk re- 
gards this hypothesis as a possible explanation, but is not con- 
vinced that the prontosil exerts its effect only by the reduction 
of sulfanilamide. 

He writes as follows: jThe fact that only part of the azo 
compounds are converted reductively does not explain why the 
effect of the azo compounds on infected animals, as well as on 
streptococcal infections in human beings, is often considerably 
better than that corresponding to the amount of reductively 
converted sulf anilamide> . 

Thus, since a difference obviously exists between the effect 
of sulfanilamide in a pure form and that of sulfanilamide coup- 
led to an azo-dye, though as yet not elucidated, an examination 
seems justified regarding the difference, if any, in the localiza- 
tion between the two types of drugs, considering that the con- 
centration in the infected tissues, and not the blood concentra- 
tions, determines the therapeutical effect. 

Earlier investigations regarding the distribution of 
sulfanilamide derivatives in the tissues 

Many authors have examined the distribution of unstained 
sulfanilamide derivatives in the tissues and in the fluids of the 
organism by means of chemical methods. As a rule, the same 
methods for the ascertainment of these compounds which are 
used on fluids, have, in principle, been employed on tissue 
extracts, i. e. the diazotized sulfanilamide derivatives are 
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coupled to aromatic amino groups. Such methods have been 
described by several authors. The method most often resorted 
to is, no doubt, the one propounded by Mabshall, Emerson 
and Cutting (1937) which has later been modified and im- 
proved by, among others, Bratton and IMarshall (1939), 
hlAHER and Camp (1938), Simesen (1939) and Richtner 
(1943). 

Some of the results obtained have been summarized in 
Table 3. In this way, of course, only a survey will be 
obtained of the manner of distribution of the sulfonamides, 
owing to the variation in the methods adopted and the hete- 
rogeneous character of the materials, which have often also 
been too restricted for statistical analysis. The animal species 
seems to be of particular significance for the concentration in 
the cerebrospinal fluid and in the red blood corpuscles. Above 
all, the fact that the tests have been performed at different 
times after the administration of the substances has, undoubt- 
edly, frequently involved a divergency in the results. 

However, some of the conclusions w^hich have been drawn 
appear to be w'ell founded. Thus, the sulfanilamide has a very 
even distribution in the wdiole organism, with the exception of 
the adipose tissue and the skeletal system, where the concen- 
tration is stated to be somew'hat lower, and in the kidneys and 
the liver where they exceed the blood concentration. Sulfa- 
pjnidine in the tissues, as a rule, does not amount to more 
than approximately 65 — 90 per cent of the blood concentra- 
tion, being still somewhat lower in the brain and the cerebro- 
spinal fluid where the concentration equals 50 — 80 per cent 
of the blood concentration in man and 30 — 40 per cent in 
rabbit. Sulfathiazole is found to have the lowest concentrations 
in the tissues, being 20 — 50 per cent of the blood concentra- 
tion, with the very low^est concentration in the brain. 

As far as I have been in a position to establish with regard 
to prontosil, only examinations of the conditions in the cerebro- 
spinal fluid exist. This fluid does not under normal circum- 
stances, contain any of these substances (Vonkennel and 
Schmidt, 1939). Moreover, the greater skin affinity of pronto- 
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Table 3. A survey oj earlier chemical investigations _ 

in tissues and 


s 





S u 1 f 

a n i 1 a 

m i d e 



Year of piiblicati 

Authors 

Species 

Cerebrospinal 
fluid. Brain 

Red corpuscles 

Kidney 

Adenoid 

Lung 

Liver 

Muscle 

Skin 

t 

c3 

cT 

c: 

o 

1943 

Alexander 

Rabbit 

6 

■ 

23.3 

1 

— 

11.8. 

8.7 

— 


1944 

Domagk 

Mouse 

6.5 

H 

9 

H 

8.4 

8.4 

11.5 

— 

— 

1943 

Frisk 

Man 

— 

>10 

— 

H 

— 

— 

— 

— 

— 

1944 

Herberts 

Rabbit 

— 

— 

— 

B 

— 

— 

— 

— 

— 

1937 

Marshall & al. 

Dog 

7.5 

— 

— 

B 

10 

10 

10 

8 

2-3 

19411 

1942) 

Simesen & al. 

Man 

— 

>10 

— 

8 

- — 

— 

• — 

— 

— 

1941 

Strauss & al. 

Man* 

7-8 


7.5-9 


6-10 

7-10 

— 

— 

— 


The figures (6) denote the ratio 


concentration of free drug in the tis sue 
concentration of free drug in the blood. 


The figures (6) denote the ratio 


concentration of total drug in the ti ssue 
concentration of total drug in the blood. 


* Man. 

“ Post mortem. 
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regarding the concentration of various chemo-therapeutics 
body fluids. 
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Red corpuscles 

Kidney 

Adenoid 

Lung 

Liver 

Muscle 

Pleural effusions 

Cerebrospinal 
fluid. Brain 

Red corpuscles 

Kidney 

Adenoid 

Lung 

Liver 

Pleural effusions 

Hours after i. v. 
injection 

6,6-8.6 

8-9 


— 


1 

— 

10 

1.3-S.2 

6 


— 


— 

10 

3 

1 

2.2-5.5 

4 

— 

. 

8.9 

8.7 

6.8 

— 

— 

2.7» 



~ 

— 

— 

‘A 

5.5-8.3 

>10 

■ 

— 

8 

— 

^ 

— 

— 

1.2-2.2 

3 

— 

5 



— 

— 

— 

6-9 


10-30 

— 

5-10 

5-14 



— 

3-4 

— 

20-30 

— 

8-11 

6-19 

— 

— 


Blood-conccnlrntion = 10. 


4 — H dander 
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sil rubrum than of prontosil solubile has been pointed out. The 
latter assumption has been based on the different degree of 
staining of the skin which has been observable with the various 
drugs (BoSSE, 1938). 

The unstained sulfa-preparations occur in the same con- 
centration- as that of the blood in pleural effusions. The longer 
the time elapsing between the administration of the dose and 
the examination, the more even is, as a rule, the distribution 
of these unstained sulfanilamide derivatives. The fact that 
the kidneys and, in some instances, the liver have a higher 
concentration than that of the blood (Taylor, AGEEN, 1940, 
and others) is due to the excretion of these substances in the 
above-mentioned organs. Hubbard and Butsch (1941) 
declared that the sulfanilamide concentration in the bile most 
closely approached to that of the blood, without however 
becoming equal to it, being followed next by sulfapyridine 
and sulfathiazole. 

An explanation of the differences in the concentration be- 
tween the plasma, on the one hand, and the red blood cor- 
puscles and the cerebrospinal fluid, on the other, is a more 
complicated matter. Apparently, the most widespread con- 
ception is that these differences are due to the varying degree 
of the binding of the sulfanilamide derivatives to the plasma 
proteins. Consequently, only part of the administered substance 
can be freely filtrated. This explanation was offered by An- 
dersen, M0LLER and Sumesen (1942), as well as by Davis 
(1942). 

Davis performed his investigation on the basis of dialysis 
experiments. According to him, as regards the unacetyl- 
ated compound, 80 per cent of the sulfanilamide, 60 per cent 
of the sulfapyridine, 45 per cent of the sulfadiazine and 25 per 
cent of the sulfathiazole vere free. Marshall et al. (1937) 
established that, at ultra-filtration under a pressure of 125 mm 
mercury, all the sulfanilamide could be freely filtrated. Kim- 
JHG and Weselmann (1941) found that serum retained sulfa- 
nilamide derivatives even at a pressure of 8 atmospheres. 
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Further, sulfapyridine is ultrafiltrated to a greater extent than 
sulfathiazole. They contended that pure adsorption occurred 
owing to the fact that the sulfanilamide derivatives could be 
shaken out with charcoal. In similar experiments, Andersen, 
M0LLER and Simesen (1942) observed that 20 — 30 per cent 
of sulfathiazole can be filtrated when in the plasma. Herberts 
(1944) noted that the dialysable part of the sulfapyridine 
comprised 24 — 36 per cent of the concentration of the inner 
fluid. Also the concentration of proteins, and albumin, in 
particular, which binds the main part of the sulfanilamide 
preparations is of significance with regard to the extent of the 
filtrable fraction (Reinhold, Fltppin, Domm, Pollack, 
1944). 

As regards the brain and the cerebrospinal fluid, they are, 
in addition, considered to be separated from the blood by a 
barrier. However, available knowledge regarding this barrier 
seems not to have been made use of in this connection. 

No examinations regarding the exact localization of chemo- 
therapeutics in the tissues, i. e. their histo-pharmacology, have 
been noted, ^vith the exception of Herberts’ work referred to 
below. Nevertheless, a few methods have been described for 
ascertaining sulfanilamide derivatives in the tissues directly 
through a microscope. Hackman (1942) has given an account 
of a method using Altmann’s original freezing-drying method 
for the fixation of drugs. After cutting, the sections are examin- 
ed through an ordinary microscope. The coloured chemo-thera- 
peutics (prontosil solubile and rubrum) will then be visible 
owing to their strong red colour. The unstained preparations 
are diazotized in the sections according to the usual procedure. 
However, this method is comparatively unsensitive and large 
doses are required. In the published pictures, the doses are 
said to amount to 60 mg. This would imply a concentration 
of approximately 1: 300 with regard to a mouse of 20 g when 
a diffuse distribution is presupposed. Hackmann’s work only 
describes the method and no results regarding the localization 
of the sulfanilamide derivatives in the tissues have been 
reported. 
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Herberts (1944) has described a similar method, employing 
instead ordinary frozen sections. He has only subjected the lo- 
calization of sulfapyridine in the brain to examination, finding 
that this drug has an elective affinity to the ganglion cells. 

Lastly, a method has been described by Mac Kee, Her- 
man, Boor and Sulzberger (1943) as follows: The fixation 
is carried out in dry formaldehyde gas. Then, preferably, fro- 
zen sections are made, their thickness being, on an average, 
16 i-i. After this, Ehrlich’s reagent and absolute alcohol acidi- 
fied with HCl are dropped on to the sections. The sulfanilamide 
then becomes stained. However, the colour does not remain 
for more than 3 — 4 hours. 

As regards the above-mentioned methods, the two latter ones 
do not fulfill the demands stipulated with regard to the fixa- 
tion method in Part I, page 11. Nor do they answer to the 
requirements of the detection method on page 14. Further- 
more, data regarding the sensitivity of the methods are lacking. 


52 



CHAPTER V 


Own inyestigations regarding tlie localization of 
certain sulfanilamide derivatiyes to different 
tissue structures in yarioiis organs by 
means of fluorescence microscopy 


Material 

As pointed out earlier, the first question to be discussed is 
whether the azo linkage and the compound coupled with the 
sulfanilamide in this azo linkage are of any significance with 
regard to the localization of these drugs in the tissues. The 
drugs used for the analysis of this problem were prontosil 
solubile (Bayer) in a 2.5 per cent solution, sulfanilamide (Astra) 
in a pure substance, and sulfathiazole-Na (Astra) in a 20 per 
cent solution. 

The examination was carried out on white mice, partly 
owing to the fact that these animals are most common in 
chemo-therapeutical animal experiments and, partly, on 
account of their particular suitability for the fixation method 
employed. Thus, when mice are used, tlie small organ sections 
will offer good survey pictures. Moreover, these small pieces 
are to be preferred, giving as they do the most adequate 
fixation by means of the freezing-drying method. 

The largest material comprises animals treated with pron- 
tosil solubile which has been injected intravenously. The dose 
most often administered consisted of 0.5 ml of a 2.5 per cent 
solution. This particular dose was chosen, since it was stated 
by Domagk to be the lowest dosage required for the survival 
of all the animals subjected to streptococcal sepsis in experi- 
ments where the whole control material had died within the 
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first twenty-four hours. Other doses have been applied for 
special purposes. Injections directly into the cerebrospinal 
fluid have also been performed for studies of the relationship 

to the central nervous system. 

As regards the sulfanilamide and the sulfathiazole, the 
material adopted for these preparations is less comprehensive 
than in the case of prontosil solubile, for reasons which will 
appear further on. Different doses have been given at intra- 
muscular or intravenous injection. The intramuscular in- 
jection has been resorted to for the supply of larger doses 
during longer periods of time. Since sex has been found not to 
be of any significance with regard to the general distribution 
in the examined organs and tissues, this has not been specified. 
Nor have the weights been set down. They have varied from 
17 to 22 g. The animals have been hilled by cutting off the 
head. 

The distribution of prontosil solubile in the tissues at 
different periods after intravenous injection 

15 sec . — I min. after 0.2 and 0.5 ml 2.5 % sol. 

(7 animals). 

The auto-fluorescence of the tissues appears, as mentioned 
earlier, chiefly in different shades of blue and grey. In addition, 
yellow fluorescent granula occur. No red fluorescence has been 
observed. Nor has this been described by F. Sjostkand (1944) 
who gives close details of the auto-fluorescence of tissues, as 
well as an exhaustive account of the observations made by 
earlier authors in this field. Considering that all the red 
fluorescence detectable in the tissues (which is possible without 
heating the drugs) must be attributed to the presence of pron- 
tosil, no special justification has been regarded as necessary 
for stating simply, in the description of the distribution in the 
various tissues, that prontosil occurs wherever the red fluores- 
cence colour is observed. On the other hand, it cannot, of 
course, be definitely concluded that a tissue is free from pron- 
tosil on account of the absence of the red fluorescence. The 
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prontosil may, very likely, occur in the tissues without being 
detectable, since its concentration lies below the one ascertain- 
able by this method. This reservation must always be kept in 
mind when prontosil is said to be lacking in a tissue or organ. 

In the description of the organs, the. central nervous system 
has been excluded owing to the specific conditions occurring 
there. These circumstances have been dealt with in Chapter VI. 

The connective tissue. The connective tissue, which has an 
auto-fluorescence in different shades of blue, contains large 
quantities of prontosil in these test animals, easily discernible 
by its red fluorescence. This red fluorescence proceeds from 
certain coarse and fine fibrils, the position of which is found 
to correspond to that of the collagenous and elastic fibrils when 
the slices are stained according to van Gieson’s and Unna’s 
orcein staining methods. (lAHien, in the following, the drugs 
are said to be localized to certain tissue structures, cells, etc., 
this localization has been further controlled by staining the 
sections with ordinary histological dyes. As a rule, hematoxylin- 
eosin, van Gieson, Unna’s orcein, as well as the Weigert elastin 
and Mallory connective tissue staining methods have been 
used.) The blue-white fluorescence of the cells in the connective 
tissue contrasts strongly with the red colour of the prontosil. 
The fluorescence picture of the connective tissue is, on the 
whole, identical wherever it occurs. Attention should be 
directed to the fact that the distribution of the red colour is 
dependent on the occurance of elastin and collagen. 

Adijpose tissue. This tissue has retained its blue-white flu- 
orescence and reveals no red fluorescence colour. 

Skeletal muscle. The muscle bundles have entirely kept their 
blue auto-fluorescence, as well as the yellow-grey in isolated 
muscle bundles. The intervening connective tissue contains 
prontosil. The nervous fibers in the musculature retain their 
intense blue-white fluorescence. 

Tendons. The tendons have a marked red fluorescence. 

Smooth musculature. These muscles have approximately the 
same auto-fluorescence as the striated musculature and are 
quite free from red fluorescence. 
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Cardiac muscle. The cardiac muscle has also retained its 
blue-while auto-fluorescence and does not contain any visible 
red substance. On the other hand, the elastin and collagen lying 
between the muscular bundles is red. The endothelial cells of 
the endocardium also have a red fluorescence. 

Vessels. In the aorta, the elastin which normally has an 
intensely pale blue auto-fluorescence (Fig. 4 b) is strongly red 
in the animals subjected to prontosil treatment, while the 
intervening smooth muscle bundles have kept their blue 
colour. (Fig. 4 c.) The border lines of the elastin are very 
sharply defined. No trace of the red colour is visible between 
these membranes. As regards the small arteries of, e. g., the 
kidney, only the internal elastic membrane and the elastin and 
collagen of the adventitia are stained (Fig. 7) . 

Lung. The endothelium in the small vessels is red. Fine red 
fibrils are observed in the alveolar walls, corresponding to the 
elastin. The epithelium in the bronchioli and bronchi has 
completely retained its blue-white fluorescence colour. 

Spleen. At low magnification (obj. 20 X)^ the splenic capsule 
and trabeculae have a pure red appearance. Only when the 
magnification has been increased (obj. 42 X)> is the red colour 
found to be arranged in a very fine network, corresponding to 
the appearance of the elastic and collagenous fibers. The lym- 
phatic tissue is quite free from prontosil, as well as the red pulp 
which, however, is much darker than the white pulp owing to its 
abundant amount of red blood corpuscles. The cells containing 
granules fluorescing in yellow, which have been proved refer- 
able to the R. E. S. by F. Sjosteand (1944), are free from 
prontosil. 

The lymphatic glands. Broadly speaking, the distribution of 
prontosil is the same as in the white pulp of the spleen. No red 
fluorescence is found in the sinus endothelium and the reticu- 
lar cells. 

Liver. Apart from the vessels which are red, in accordance 
with an earlier description, a large quantity of the finest bile 
capillaries contain prontosil already after 15 seconds. After 
one or two minutes, also the bile ducts are red. The cells 
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Fig. 4 a. Aorta of Fig. 4 b. Aorta of un~ Fig. 4c. Aorta of motisc, 

mouse, killed 30 min. treated viott.se. Elastic killed 1 min. after i. v. 

after i.v. inj. of O.r, ml membranes -pale blue. inj. of O.r, ml 2.6 % sol. 

2.6 % .sol. of Prep. I. of prontosil solubile. 

Elastic mcmbranc,s Elastic membranes red. 

brown. 

Obj. Imm. (90 x). Exposure 30 min. 



Fig. 5. Skin of mouse, killed 1 min. after Fig. C. Brain of mouse, killed 35 min. after 
*0^- o/ prontosil inj. in cerebrospinal fluid of O.i ml 2..6% sol. 
solubile. gj prontosil solubile. 

Obj. 42 X. Exposure 30 min. Obj. Imm. (90 x). Exposure SO min. 



of the liver have not lost their blue fluorescence. The same 
applies to the dark blue colour of the cellular nuclei. The stella- 
te cells of V. Ktjpffer have kept their auto-fluorescent pro- 
perty and lack all traces of red fluorescence. Their yellow gra- 
nula emit light equal in intensity to that of the untreated 
animals. 

Gall bladder. In the gall bladder, the epithelium is blue- 
white, while the submucous connective tissue is red. In the 
lumen no contents are, as a rule, detected. However, now and 
then an intensely deep green fluorescent substance is observed 
as in the untreated animals. 

Stomach. All the epithelial cells fluoresce in blue. No pron- 
tosil is found in the lumina. Similarly to the connective tissue in 
the submucosa, the interstitial connective tissue between the 
glands is red. 

Intestines. The epithelial cells are a pure blue. In the connec- 
tive tissue between the glands a red fluorescent substance is 
\'isible. Prontosil solubile is found only in the proximal part of 
the intestinal lumen. The connective tissue in the submucosa is 
stained a strong red colour. 

Kidney. Animals killed 15 seconds after the 
injection. The glomeruli were strongly fluorescent in red. 
In Hi* a high prontosil concentration occurred in the brush 
border. Prontosil is found also in the lumen, with, however, a 
less high concentration than in the brush border. In Ho, Hg and 
Hi and in a distal direction, prontosil is lacking both in the 
lumen and intracellularly, 

30 seconds after the injection. The glomeruli 
are somewhat paler than in the preceding specimen, but evi- 
dently still contain much prontosil. Prontosil solubile is found 
in the whole of the proximal convoluted tubule in the brush 
border, Distally to the proximal convoluted tubule, the tubules 
are free from prontosil (Fig. 9), 

One mi nute after the injection. The glomeruli 
contain somewhat less prontosil than in the preceding speci- 

* [The classiHcation of Uie proxitnal con%'oluled tubules as Hi, Hi, H 3 and Hi 
has been made in accordance with F. Sjostrand (1944).] 
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mens. The same applies to Hj which is faintly red in the 
brush border. In Ho the apical.cellular zones have a high pron- 
tosil concentration. H3 and reveal a stronger red fluor- 
escense in the apical part of the cells than H^, but are weaker 
than in Hg. The brush border in H3 and H4 has a more marked 
red fluorescence than in the preceding specimens. Histally to 
the proximal convoluted tubule, prontosil solubile occurs only 
in the lumen, i. e. not intracellularly. In the ascending limb of 
Henle’s loop and distally, a considerably higher concentration 
in the lumina than proximally is noted (Fig. 7 ). 

Bladder. The epithelium is a pale blue-white. The submu- 
cous connective tissue is red in accordance with an earlier de- 
scription. The animals, which were killed 1 minute after the 
injection, already had prontosil in the lumen of the bladder. 

Skin. The horny layer and the epithelium in the epi- 
dermis have kept their blue-white fluorescence. The muscle 
bundles are bluish or yellowish. All the glandular cells (seba- 
ceous glands, sweat glands) and the hair follicles, as well as 
the hairs, have retained their blue auto-fluorescence. The ner- 
vous fibers are intensely blue-white. In the connective tissue 
the collagenous bundles and elastic fibers are stained. Accord- 
ingly, only the cellular elements of this elastin- and collagen- 
rich connective tissue have a blue-white colour (Fig. 5). 

Ear. The elastic cartilage in the ear, which normally has a 
blue fluorescence, is red in the animals treated with prontosil. 


15 min. after 0.2 and 0.5 ml 0.25 — 2.5 % sol., 

O5 ml ^.5 % sol. (5 animals). 

Connective tissue, adipose tissue, skeletal muscle, smooth 
muscle, vessels, heart, lung, spleen, stomach, skin and ear, dis- 
close the same picture as described earlier. 

Liver. Practically all the bile capillaries and bile ducts 
are red. The liver cells and the v. Kupffee cells are free from 
red fluorescence. 

Gall bladder. Filled with red substance. In several places, 
the cytoplasma of the epithelial cells and the cellular nuclei 
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are red, the latter having a darker red colour. The submucous 
connective tissue has the same appearance as earlier. 

Intestines. In the lumen of the proximal parts of the small 
intestine, an abundance of intensely red prontosil solubile. The 
epithelium, as v^ll as the glands, as a rule, retained its blue 
auto-fluorescence. As previously, prontosil solubile occurs in 
the connective tissue of the villi. A pronouncedly red colour is 
manifest in the submucosal connective tissue. The appearance 
of the most distal intestinal sections entirely conforms with the 
specimens described earlier. 

Kidney. The glomeruli have a very insignificant red fluor- 
escence. The proximal convoluted tubules have a scarcely no- 
ticeable red fluorescence in the apical cellular zone, A modera- 
tely diffuse staining of the apical cellular parts is noted in the 
distal part of the ascending limbs of Henle’s loop and in the 
distal convoluted tubules, A fairly strong red fluorescence 
occurs in tlie lumina. In the collecting tubules, an intense red 
staining of the whole cell was observed. In some cases, a fainter 
red fluorescence has been found in the basal zones of these 
tubules, similar to the distal convoluted ones. 

Bladder. The lumen is full of prontosil. In spite of the high 
concentration, the epithelium is quite free from red fluor- 
escence. 

Eye. In the cornea, the epithelium has a blue fluorescence, 
while the substantia propria is strongly red in colour. Also the 
endothelium has a red fluorescence. The epithelium in the ci- 
liary processes has a blue auto-fluorescence, but the connective 
tissue is faintly red. The epithelial cells of the iris are blue, 
while the thin connective tissue is red. The retina lacks red 
fluorescence. The same applies to the vitreous body. The con- 
nective tissue of the sclera is pronouncedly red. 

0j 2 ml 2.5 % sol. (i. e. 5 mg, 2 animals). 

The localization of the prontosil is the same as described 
above. The colour is possibly, a somewhat paler red. Further, in 
some parts as, for instance, in the connective tissue of the 
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intestine the colour is hardly visible. In aorta, shin, liver, gall 
bladder, kidneys and bladder, the difference in the colour is not 
particularly marked. 

0.5 ml 0.25 % sol. (i.e. 1.25 mg, 2 animals). 

Prontosil is ascertainable after 15 minutes only in the colla- 
genous and elastic fibers (e. g., in the aorta) and in the gall 
bladder, the bladder and the intestine, where it is found at fair- 
ly high concentrations. 


I hour after 0.5 ml 2.5% sol. (5 animals). 

Connective tissue. In the connective tissue lacking in colla- 
gen and elastin as, for instance, in the interstitial connective 
tissue between the glands of the stomach, scarcely visible quan- 
tities of prontosil now occur. However, in a connective tissue 
which is richer in elastic and collagenous fibers, e. g., the skin, 
the picture is almost unchanged. 

Adipose tissue, skeletal muscle, smooth muscle, cardiac 
muscle, vessels, skin, ear, eye, gall bladder and bladder showed 
unchanged pictures. 

Lmigs. The lungs have in these specimens, a very faint red 
colour in the elastic network. 

Spleen. The spleen discloses a red fluorescence mainly in the 
capsule and very sparsely in the trabeculae. There is still no 
prontosil in the cells. 

Lymphatic glands. The lymphatic - glands have no visible 
prontosil. 

Liver. The red fluorescence remains only in the coarser bile 
ducts. 

Stomach. Prontosil only remains in the submucous connec- 
tive tissue. The lumen is still free. 

Intestines. Prontosil is found in large quantities in the lu- 
men, as well as down in most of the crypts and glandular lu- 
mina. Prontosil also occurs in the interstitial and submucous 
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connective tissue, as in the case of earlier specimens, though 
vath a fainter red fluorescence colour. The drug also appears 
dovm in the most distal intestinal parts of the large intestine 
and the appendLx, The epithelial cells are free from red fluor- 
escence. 

Kidney, Prontosil has been ascertainable in some animals 
in one or two collecting tubules. Otherwise prontosil now only 
occurs in the elastin and collagen, e. g., in the vessels. 

4 hours after 0.5 ml 2.5 % sol. (5 animals). 

The red fluorescence is now only visible in the gall bladder, 
which still looks the same as in the above description, the utin- 
ary bladder, where prontosil occurs in the lumen, and in the 
intestines. In the latter organ, prontosil is found mostly in the 
lumen of the distal parts of the intestines. The connective tis- 
sue of the villi and of the submucosa are, as a rule, free from 
prontosil. 

24 hours after 0.5 ml 2.5% sol. (5 animals). 

Prontosil cannot be detected anywhere. 


The distribution of prontosil solubile in the tissues 12 — 24 
hours after repeated doses 
(6 animals) 

In order to e.xamine w'hether any prontosil has been taken 
up into the tissues, e. g,, in the R. E. S., as in the case of many 
vital dyes such as trypan blue, varying doses have been ad- 
ministered several times daily for periods of up to 7 days. After 
the subcutaneous injection of 0.5 ml of a 2.5 per cent solu- 
tion three times daily for 7 days, no traces of prontosil were 
detected in the tissues when the animals had been killed 12 and 
24 hours, respectively, after the last injection. Thus, no storing 
has been observable in the R. E. S. 
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The distribution of prontosil solubile in. the skin after 
local application 

(6 animals) 

Prontosil solubile has also been applied in a 5 per cent oint- 
ment on the skin (adeps lanae being used as a vehicle). The 
treated surface was covered. At different times after the appli- 
cation, i. e. 5 minutes, 1 hour, 2 hours, and 24 hours, skin 
pieces were’ removed. Prontosil was not ascertainable in any 
single case, except for the most superficial part of the horny 
layer. This finding was obtained irresjiective of whether the 
ointment was given several times during the course of a couple 
of hours and rubbed into the skin each time for a few minutes. 

The distribution of sulfanilamide and sulfathiazole 
in the tissues at different periods after 
intravenous injection 

Both these drugs can be detected in the tissues after heat- 
ing to 160° for 5 min. (sulfanilamide) and 175° for 5 min. (sul- 
fathiazole). Thus, they become yellow while the tissue is blue. 
After the administration of varying doses up to 0.5 ml of a 5 
per cent solution intramuscularly and 0.5 ml of a 2.5 per cent 
solution intravenously one hour later, these drugs have been 
ascertainable only in the kidneys and in the bladder and, at 
intramuscular injection, in the musculature round the injec- 
tion spot. 

Sulfanilamide after 0.2 and 0.5 ml 2.5 % sol. 

(1 5 animals). 

5 min. — 1 hour after the injection. 

Kidney. In the lumina of H 3 and H 4 which are dilated, a 
substance fluorescing in yellow is noticed. It also occurs in all 
the lumina distally to the proximal convoluted tubules. In the 
lumma of the collecting tubules a stronger yellow-brown 
fluorescence is found than in the tubular sections. No sulfa- 
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Fig. 7. Kidney of mouse, hilled 1 min. 
after i, V. inf. of O.s ml 2..‘ % sol. of pron- 
tosil solubilc. 

ObJ. •12 X. Exposure min. 


'm 


Fig. 8. Kidney of mouse, killed 1 hour after 
i. V. inj. of 0.5 ml J.s.-> % sol. of sulfathiazole- 
Na. Section heated to 175° for 5 min. 

Obj. imm. (PO X). Exposure 15 min. 
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Fig. 9. Kidney of mouse, killed 30 sec. after i. v. inj. of 0.2 ml 2 
sol. of prontosil solubilc. 

Obj. -12 X. Exposure 45 min. 



nilamide was ascertainable intracellularly. The internal elastic 
membrane of the small arteries reveals no change of its usual 
pale blue auto-fluorescence. 

Bladder. A large amount of substance fluorescent in yellow 
occurs in the lumen of the bladder. The bladder epithelium has 
retained its auto-fluorescence. 

In the remaining organs which have been subjected to exa- 
mination (similar to the prontosil animals), no change has been 
observable in the auto-fluorescence. 


Sulfathiasole after 0.2 ml 2 % sol. 

5 minutes after the injection. (5 animals) 

Kidney. A substance fluorescent in yellow is detectable in 
the lumina of the collecting tubules. Otherwise the cells, con- 
nective tissue and vessels of the kidneys have completely 
retained their usual pale blue auto-fluorescence after heating 
to 175° for 5 min. 

Bladder. Sulfathiazole is detectable in the bladder lumen. 

15 minutes after the injection (5 animals). 

Kidney and bladder. The same appearance as in the former 
specimen. Sulfathiazole is detectable in the collecting tubules 
and the bladder already after a dose of 0.5 ml of a O.i per cent 
solution given intramuscularly. 

I hour after the injection (5 animals). 

Kidney. The glomeruli disclose an unchanged auto-fluores- 
cence. The proximal convoluted tubules are unstained in the 
lumen as well as in the cells. The ascending limb of Henle s 
loop, the distal convoluted tubules, and the collecting tubules 
have a strong yellow fluorescence and contain sulfathiazole at 
a high concentration in the lumen as well as in the cytoplasma. 
The cellular nuclei, on the other hand, are unstained. The in- 
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ternal elastic membrane of the small arteries has completely 
kept its auto-fluorescence (Fig. 8), 

Bladder. A large amount of substance fluorescent in yellow 
occurs in the bladder lumen. The epithelium has kept its auto- 
fluorescence. 

Other organs and tissues have not revealed any change in the 
auto-fluorescence. Accordingly, they have not been subjected 
to a detailed examination. 


Survey of the results 

The distinctive feature of 'prontosil solubile is its affinity to 
elastin and collagen. Consequently, prontosil solubile may be 
defined as a vital dye with regard to these structures, which are 
pronouncedly stained already 15 seconds after an intraven- 
ous injection of as small quantities as 1 mg/20 g of body 
weight. The colour remains in the elastic and collagenous 
fibers even after the disappearance of the prontosil from most 
of the other organs and only slight amounts are detectable in 
the liver and the kidneys where the prontosil is excreted. In the 
gall bladder, the urinary bladder and the intestinal canal, 
prontosil is still ascertainable 4 hours after the administration 
of a dose of 12.5 mg (as regards the choice of dose, see further 
page 53), Evidently, some of the prontosil dose circulates 
from the liver via the bile ducts to the intestine and is then 
resorbed. It is, thereupon, transported on the blood pathways 
to the liver and excreted again into the intestine. Thus, also 
an intravenous supply of prontosil will give high concentra- 
tions in the intestinal lumen. 

Further, the low concentrations generally occurring in the 
epithelium are noteworthy. In several instances, they fall below 
the limit of sensitivity of the method employed. Consequently, 
their existence in the cells cannot always be definitely esta- 
blished. In other cases, it may be concluded that they must 
probably have wandered through the cells as, for instance, in 
those of the liver. The other epithelial cells (among those 
examined) which have contained prontosil solubile in detect- 
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able concentrations are the gall bladder epithelium, and the 
epithelial cells in some parts of the renal tubules. 

And yet, the epithelium has been in direct contact with the 
prontosil at high concentrations in several other parts, such as 
the bladder, the glandular lumina of the intestines, the glan- 
dular epitlielium and the superficial epithelium of the skin, etc. 
This may, conceivably, be due, partly, to the penetration of 
prontosil at very low concentrations, as, e. g., through the he- 
patic cells, partly, to the impermeability of such cells as, for 
instance, the bladder epithelium. 

Further, the musculature, adipose tissue, peripheral nerves, 
and (as will be derived from Chapter \T) the central nervous 
system do not contain detectable quantities of prontosil. Nor 
has any storing been observable in the R. E. S. 

Accordingly, yrontosil solubile has an exceedingly uneven 
distribution in the organism, from the very moment it is in- 
jected, This uneven distribution is not equalized until all the 
concentrations begin to approach to the limit value of detect- 
ability, The high concentrations obtained with prontosil occur 
in the connective tissue and, above all, in the connective 
tissue rich in collagen and elastin, in the bile ducts, in some 
parts of the kidneys, and in the intestines. 

Sulfanilamide and sulfathiazole lack an elastin and collagen 
affinity. They are not manifest in these structures even at 
high doses, being observable only in the kidneys, the ureter 
and the bladder. Since the method is not sensitive enough for 
the detection of these drugs in concentrations equal to those 
of the plasma, these drugs cannot be expected to occur in the 
elastin and collagen, provided they do not possess an affinity 
to these substances resembling that of the prontosil solubile. 

If such an affinity existed and the drugs appeared in con- 
centrations corresponding to those of the prontosil, they 
should, in all probability, be ascertainable there. For prontosil 
solubile, as well as all the other examined substances Avith an 
elastin affinity (see further Chapter VIII), are detectable 
without any difficulty, for instance, in the internal elestic mem- 
brane of the renal vessels, even though only very small quan- 
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titles of these substances remain in the tubular cells or the lu- 
men. On the other hand, no staining of this internal elastic 
membrane has, in fact, been noticeable with sulfanilamide and 
sulfathiazole, even when large amounts have been found in the 
tubular cells and the lumina (Fig. 7 and 8) . 

The fact that prontosil has an elastin and collagen affinity, 
while sulfanilamide and sulfathiazole lack this property, can 
also be demonstrated supravitally. Thus, when tissues con- 
taining elastin and collagen are placed in solutions of these 
three drugs, prontosil will be found to have coloured the elastin 
and collagen a faint red already at a concentration of 1: 50 000, 
while sulfathiazole and sulfanilamide do not stain the elastin 
and collagen until a concentration of about 1: 1 000 is reached, 
which causes the surrounding tissues (muscles, etc.,) to become 
equally strongly coloured. 

The fact that prontosil does not penetrate intact skin, or 
does not, at any rate, do so in concentrations to such a degree 
as to be detectable by means of this method, is in agreement 
with Mieschee’s (1941) finding with salicylic acid, trypa- 
flavin and other dyes, such as eosin, rhodamin, etc. These sub- 
stances did not penetrate the epidermis in ascertainable con- 
centrations after application to the ear of a guinea-pig, irre- 
spective of the vehicle employed, regards prontosil, the con- 
centration obtained by means oj intravenous injection is higher, 
beyond comparison, than that of local application, when the 
skin is intact. 


Summary 

By means of fluorescence microscopy , prontosil has been 
proved to have an affinity to elastin and collagen, while sulfa- 
nilamide and sulfathiazole lack this affinity. It this way, high 
concentrations of prontosil are attained in the connective tissue 
and, above all, in the one rich in elastin and collagen. Thus, 
the highest concentration is met with, inter alia, in the skin, 
the lungs, the tendons, the ligaments, and the elastic cartilage. 
High concentrations also occur in the organs where the pron- 
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tosil is excreted. However, it is often not even detectable 
intracellularly in these organs, but rather in the lumina, e. g., 
the bile capillaries, the bile ducts, the intestinal lumina, the 
renal tubules and the bladder. Prontosil is seen intracellularly 
in the epithelium of the gall bladder and in some parts of the 
tubules. 

The collageixmis and elastic fibers act as a depot for pronto- 
sil which remains tliere for a longer time than in any other part 
of the organism with the exception of the bladder, the gall 
bladder, and the intestinal lumen. 

No storing occurs in the R. E. S. 

Prontosil does not penetrate intact skin in detectable con- 
centrations, at least not when applied in the form of an 
ointment. 

Sulfanilamide is only detectable in the lumina of the renal 
tubules, the excretory passages of the kidney, and in the blad- 
der lumen. 

Sulfathiazole can be observed in the renal tubules, in the 
lumina, as well as intracellularly in the distal tubules and in 
the bladder. 
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CHAPTER VI 


liiTCstigatioiis regarding tlie localization and 
passage of sulfanilamide derivatives 
to the central nervous system 


Introduction 

As already derived from Chapter PV, the various sulfanil- 
amide derivatives occur in different concentrations in the 
brain and in the cerebrospinal fluid. Sulfanilamide is the com- 
pound with a concentration in the cerebrospinal fluid approxi- 
mating the most to the blood concentration, being about 60 — 
100 per cent. Sulfapyridine comes next with about 40 — 90 per 
cent, and is followed by sulfathiazole with 10 — 40 per cent. 
Prontosil solubile and rubrum do not, apparently, penetrate 
into the cerebrospinal fluid. 

This may be explained in several ways, as reported below. 

1. On the basis of dialysis experiments, it has been found 
that the sulfanilamide derivatives are combined with the 
'plasma proteins and that, in consequence, only part of them 
can be freely filtrated. According to these results, about 80 per 
cent of the unacetylated sulfanilamide are free, 60 per cent of 
the sulfapyridine, and 25 per cent of the sulfathiazole. These 
results have been confirmed by several investigators (cp. 
Chapter IV) . 

According to the literature dealing with the subject of the 
blood-brain and the blood-cerebrospinal barriers, also the 
follovdng factors are of significance. 

2. The solubility of the substances, Avertin, for instance, 
is more soluble in tissues rich in lipoids, such as the brain, 
than in the plasma. 
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3. The electrical charge oj the substances. This is a factor 
of decisive importance. Positively charged substances easily 
penetrate into the cerebrospinal fluid, while the negative ones 
do so with difficulty, and less in proportion to their increasing 
negatixdty. 

4. The degree of dispersion. Particularly big molecules 
cannot pass through the barrier. 

The role played by the two last-mentioned factors have not, 
as far as I have been in a position to establish, been subjected 
to a more detailed examination regarding the sulfanilamide 
derivatives. Prior to the demonstration of a binding to the 
plasma proteins, it was considered sufficient to refer merely 
to the existence of a barrier. Since then, the plasma-protein 
explanation, seems to ha^'e been accepted without reservation. 


O-wTi investigations 

1 — 60 min. after the intravenoiis injection of 0.5 — l.o ml 
of a 2.5 % sol. of pro77fosil. solubile. 

The material consists of all the animals in Chapter V treated 
in this way. The brain was found to be colourless in the macro- 
scopical examination. Prontosil solubile was only detectable 
microscopically in the vessels and vascular walls of the brain 
and the spinal cord, even after the intravenous supply of doses 
as large as 24 mg. It was discovered in the endothelium of the 
cerebral vessels, as well as in the meningeal vessels. 

10 — 60 min. after the injection in the cerebrospinal fluid- 
of 0.05—0.1 ml of a 0.25 — 2j % sol, of prontosil solubile 

(10 animals). 

Prontosil had a marked affinity to the ganglion cells after 
the injection in the cerebrospinal fluid, several of the cells 
being intensely coloured. The nuclei as well as the nucleoli 
were stained (Fig. 6). 

The remaining cerebral substance still had its usual auto- 
fluorescence. A narrow space is often seen round the vessels 
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visible in the cerebral substance. This space often contains a 
substance fluorescing in red. 

When, on the other hand, a piece of the brain is removed 
and dipped into a prontosil solution of a similar concentration, 
quite a different picture ivill appear. The cerebral substance is 
diffusely stained, its colour diminishing in intensity from the 
surface inwards, ivith a vague limit where the diffusion ceased 
owing to the fixation. This limit lies at different depths, accord- 
ing to the length of time during which the brain was soaked 
in the dye solution. However, also in this case the ganglion 
cells appear more strongly coloured than the rest of the cerebral 
substance, ivith the exception that at this time all the cells are 
stained. 

After peroral administration (cp. page 84) of prontosil 
ruhrum (8 animals). 

A macroscopically visible yellow colour of the brain was 
observed. No accumulation was ascertainable in the ganglion 
cells by means of the microscope. 

3 — 60 min. after injection in the cerebrospinal fluid of 
O.05 ml of a 1 % sol. of prontosil ruhrum ( 8 animals). 

The cerebral substance round the injection spot was found 
to be markedly stained by prontosil. However, the staining did 
not extend over a particularly wide region, including only a 
very superficial layer of the brain substance. The colour 
remained unchanged 1 hour after the injection. 

In the microscope, the superficial layer of the grey substance 
appeared diffusely stained with prontosil. The ganglion cells 
did not have a stronger colour than their surroundings. 

After the intravenous injection of 0.5 ml of a 2.5 % 
sol. of chrysoidine (5 animals). 

A macroscopically visible yellow staining of the brain was 
noted. In animals where the brain had been removed after 15 
minutes, the colour was very pronounced and remained quite 
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distinct even in animals killed 2 hours after the injection. The 
colour had vanished in animals killed after 4 hours. The ani- 
mals were unaffected. No specific localization in the ganglion 
cells was detectable microscopically. The cerebral substance 
seemed of a fairly even yellow colour. Nor was the chrysoidine 
visible in the ganglion cells after an injection into the cere- 
brospinal fluid. (3 animals.) 

13 — 60 wit}, after the injection of sulfanilamide, sulfathiazole 
and sidfapyridine intravenously as well as 
m the cerebrospinal fluid. 

Sidfanilamidc, sulfathiazole and sulfapyridine have not been 
observed in the brain after intravenous injection (as regards 
the material, cp. page G2). Nor have these drugs been noted 
in the ganglion cells after injection in the cerebrospinal fluid, 
(doses O.05 — 0.1 ml 2 % sol. 5 animals to each drug). Accord- 
ingly, no support can be found for the assumption of an elec- 
tive localization of these drugs in the ganglion cells. Thus, it 
has not by means of this method been possible to verify Her- 
BERt’s results concerning tliis problem. 

Discussion of the results 

The question is, do these findings conform with our present 
knowledge of the blood-brain barrier. The following facts have 
been derived from Broman’s (1940 — 41) investigations which 
constitute, at present, the most comprehensive modern surveys 
in this field. 

A distinction should be made between the blood-cerebro- 
spinal barrier, on the one hand, and the blood-brain barrier, 
on the other. The occurrence of a blood-brain barrier is 
considered definitely proved. It may be described, as follows: 
1) It is, in all probability, localized to the vascular intima of 
the cerebral vessels. 2) This membrane admits the penetration 
of basic substances only, such as dyes, toxins, drugs, etc., and 
not acid ones. Friedemann (1937), who propounded the 
theory that the blood-brain barrier consists of an electro-ne- 
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gatively charged raembrane, has sho^vll by experiments with 
toxins that this passage is dependent not only on the particu- 
lar kind but also on the degree of the electrical charge. Thus, 
the hindrance to passage increased in proportion to the elec- 
tro-negative charge. As compared with this, the degree of 
dispersion and solubility are factors of subordinate import- 
ance, except in unusually pronounced cases. Finally, as al- 
ready mentioned, the binding to the plasma-proteins also 
plays a certain part with regard to the concentration in the 
cerebrospinal fluid. 

On the other hand, the existence of a blood-cerebrospinal 
barrier has not been generally acknowledged. This barrier may, 
conceivably, from an anatomical point of view, be localized 
to the vessels of the meninges and to the chorioid plexus. To 
all appearances, Broman considers that a blood-cerebrospinal 
barrier, which acts similarly to the blood-brain barrier, does 
not exist, in spite of the hindrance to the . passage of acid 
dyes. The fact that basic dyes are, as a rule, unascertainable 
in the cerebrospinal fluid though they permeate the blood- 
brain barrier and stain the cerebral substance, is explained by 
Broman as due to their adsorption to this substance. He 
states that the difference between the chorioid plexus and 
other vessels lies in the marked staining of the whole of the 
cells of the chorioid plexus. On the other hand, the vessels of 
the meninges resemble more the cerebral ones, where only the 
endothelium is stained. However, the chorioid plexus is point- 
ed out as, in many respects, resembling a gland with, possibly, 
a secretory function. Contrary to Broman, it may be con- 
tended that the chorioid plexus may, from a functional point 
of %dew, constitute a similar barrier to that of the cerebral and 
meningeal vessels (i. e. they are permeable to a varying degree 
vdth regard to different substances), in spite of the deviating 
histological structure, as compared with these vessels. Nor, in 
fact, does the total staining of the chorioid plexus exclude the 
possibility of such a function. 

My experiments seem to confirm the conception that a 
blood-brain barrier, as well as a blood-cerebrospinal barrier. 
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exist \n\h, on the whole, the same type of function. The decis- 
ive factor vnth regard to the permeability is the electrical 
charge of the substances. Prontosil solubile which is negatively 
charged does not pass through, while chrj^soidine which is 
positively charged, and prontosil rubrum, which is, probably, 
only .slightly acid, penetrate. The, in all probability, weaker 
acidity of prontosil rubrum than of prontosil solubile is evident 
from their formulae. Prontosil rubrum only contains one acid 
group, i. e. the faintly acid sulfonamide group. Prontosil solu- 
bile, on the other hand, contains 2 sulfonic-acid groups, the acid- 
ity of which is very marked. Further, it is well known that the 
purely basic chrysoidine, as well as the pure sulfanilamide, 
penetrate the barrier and attain fairly high concentrations in 
the central nervous system. Since the sulfonamide group is 
not sufficiently acid to prevent the passage of sulfanilamide, 
it is not, a priori, likely that this group will stop the passage 
of the substance formed, viz. prontosil rubrum, when sub- 
stituting one of the amino groups of the chrysoidine. The 
fact that prontosil rubrum is unascertainable in the cerebro- 
spinal fluid in spite of its penetration of the barrier is probably 
due to its being taken up in the cerebral substance, similar 
to chrysoidine and other basic dyes. These experiments are 
in agreement with Broman’s in tliis respect. 

Since prontosil solubile is not detectable in the cerebrospinal 
fluid, nor in the ganglion cells, after an intravenous injection, 
the existence merely of a blood-brain barrier will not suffice 
as an explanation of the above-mentioned facts. Thus, a barrier 
must also occur between the blood and the cerebrospinal fluid. 
For prontosil solubile is, obviously, detectable in the ganglion 
cells wlien present in the cerebrospinal fluid. In this respect, 
the effect of prontosil resembles that described by Goldmann 
(1913) in his classical experiments with trypan blue. He also 
discovered that after a subarachnoidal injection of trypan blue 
in rabbits, the ganglion cells appeared to a large extent to be 
diffusely blue in colour, the nucleus in the ganglion cell inva- 
riably being stained. These coloured cells were detectable even 
though the brain was unstained at the macroscopical examina- 
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tion. Goldiviann explains this phenomenon as due to the ex- 
istence of a direct communication between the cerebrospinal 
fluid and the ganglion cells via the perivascular lymphatic 
spaces first described by Key and Retzius (1875). No better 
explanation of how prontosil and trypan blue can reach the 
ganglion cells has been offered. 

As regards unstained sulfanilamide derivatives, a distinct 
correlation is found when the concentration of these drugs in 
the cerebrospinal fluid is viewed in relation to their dissocia- 
tion constants. Data regarding the dissociation constants have 
been offered by Bele and Roblin (1942). and are set down in 
Table 4. As will be seen, the least acid substance, i. e. sulfani- 
lamide, has the highest concentration in the cerebrospinal 
fluid, while the most acid one, i. e. sulfathiazole, has the lowest 
concentration. Sulfapyridine lies in between the two. 


Table 4. The relationship between acid constants and 
concentrations in cerebrospinal fluid of various 
chemotherapeutics. 


Compound 

Acid constants 

Kb X 10'» 

Cone, in 
cerebrospinal 
fluid in % 
of blood cone. 

pKa 

Ka 

1st 

2nd 

Sulfanilamide . . . 

10.43 

3.7 X 10-B. 

2.3 

■ 

60—100 

Sulfapyridine . . . 

8.43 

3.7 X 10-9 

3.8 

0.1 

40—90 

Sulfathiazole .... 

7.12 

7.6 X 10-8 

2.3 

— 

10-40 


These results conform well with available data regarding the 
blood-brain and blood-cerebrospinal barrier. Nevertheless, in 
what way do the observations of the part played by the plasma 
proteins agree with these findings? Apparently, the varying 
cerebrospinal concentrations of unstained cherao-therapeutics 
have been adequately accounted for also by this binding. Thus, 
two explanations offer themselves in this respect, each being, 
obviously, satisfactory per se. 

The question arises whether some kind of connection exists 
between them. From a study of the literature (cp. Broman) 
it will be seen that the assumption that the barrier between the 
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blood, on the one hand, and the brain and the cerebrospinal 
fluid, on the other, is a negatively charged membrane, is based, 
partly on the well confirmed observation that basic dyes are 
capable of vitally staining the central nervous system, in con- 
trast to the acid ones, and, partly, on Friedemann’s experi- 
ments with toxins which have been mentioned above. This 
applies to normal material, while under pathological conditions 
the barrier does not function to a full extent, but can be pene- 
trated also b.y acid dyes, proteins, etc. However, in these expe- 
riments, the possibility of a binding to the plasma proteins has 
not been examined. It is, therefore, conceivable, that in these 
cases, too, the binding with the plasma proteins plays an im- 
portant part with regard to the amount which may pass into 
the cerebrospinal fluid and the brain. It seems possible that 
the phenomenon which has been described as a barrier func- 
tion is, actually, a function of the binding to the plasma pro- 
teins. Thus, the degree of this binding may be dependent on 
the degree of acidity of the substances. 

Against this hypothesis may be quoted the fact that, if a 
binding to the plasma proteins is the predominant factor, the 
non-existence of, for instance, prontosil solubile in the cerebro- 
spinal fluid at a concentration corresponding to the freely filt- 
rable fractions is difficult to explain. In this respect, it should 
be borne in mind that prontosil solubile has a molecular weight 
below that of substances which are transmitted to the central 
nervous system and is also easily diffusible. 

In ultrafiltration tests, a certain amount of the prontosil in 
the plasma has been found liable to free filtration (see Table 
5). This was suspected already on account of the results ob- 
tained from electrophoresis experiments (cp. page 85), since 
one prontosil fraction w'andered more rapidly than the plasma 
proteins. 

Chrysoidine, on the other hand, which can be ultrafiltra- 
ted to approximately the same extent, stains the central ner- 
vous system. Sulfathiazole, which can be ultrafiltrated to but a 
slightly greater extent, also occurs in the brain and in the cere- 
brospinal fluid at concentrations equalling about 10 — 40 per 
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Table 5. The ultraiiltmbility of some chemo-therapeufics 

and chrysoidine. 


Compound 

Plasma No. 

Cone, 
in plasma 
before 
ultrafil- 
tration 

Cone, in 
the pro- 
teinfree 
ultra- 
filtrate 

ultra- 

filtrated 

substance 

Protein cone, in 
plasma 

0/ 

/® 

Total 

Albumin 

Sulfanilamide 

I 


8.28 

80 



i 

U 


7.27 

80 




III 


7.83 

73 



Sulfapyridine 

I 


3.39 

37 



> 

n 


3.70 

38 



» 

III 

lO.oo 

3.10 

31 



Sulfathiazole 

I 

10.00 

1.73 

17 




n 

lO.oo 

3.18 

32 



> 

m 

9.55 


18 



> 

IV 

8.80 


20 



Pronlosil sol. 

m 

lO.oo 

1.50 

15 



> 

V 

25.40 

2.60 

10 




VI 

9.00 

1.16 

13 

7.86 

3.96 

> 

vn 

20.00 

2.S0 

12 

7.70 

5.04 

> 

vni 

17.80 

2.80 

16 

7.C0 

4.63 

y 

IX 

14.80 

3.45 

23 

8.05 

5.02 

Chrysoidine 

V 

15.00 

1.20 

8 



> 

X 

28.00 

6.10 

22 

6.65 

4.35 


XI 

21.10 

1.75 

8 




cent of that of the plasma. In my opinion, this seems inexplic- 
able if the barrier function is considered only to be maintained 
by the plasma proteins. 

Method of 'uliraiiltration. Atv apparatus described by P. LavIETES 
(1937) has been emploj^ed for the ultrafiltration. This apparatus consists, 
broadly speaking, of two flattened semi-spherical glass chambers with flat 
sides. On one of these sides, the surface of which is ground very smooth, 
a large hole occurs. The two glass cliambers are pressed against one 
another so as to place the plane surfaces in contact. The membrane is 
clamped between them. Each chamber communicates by means of a rubber 
tube with a levelling bulb containing mercury. The filtration pressure may 
be regulated by varying the level between the two bulbs. 
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In my experiments, a cellophane membrane has been used. This mem- 
brane is suitable owin^ to the fact that it is almost inert and the purpose 
•was only to examine the amount of the plasma concentration of certain 
chemo-therapeutics which could be freely filtrated. The filtration pressure 
equalled 35 cm Hg. For the sake of comparison, also sulfanilamide, sul- 
fathiazole and sulfapj^ridine have been ultrafiltrated after application to 
the same plasma. Series of this kind occur with 3 different kinds of 
plasmas. 

As regards the unstained sulfanilamide derivatives the 
difference in the values of the cerebrospinal fluid concentra- 
tions found in the literature is comparatively extensive. The 
same applies to the size of the fraction of the sulfanilamide 
derivatives which can be ultrafiltrated (cp. pages 50 — 51) . This 
is quite natural, since this fraction varies (at a constant filtra- 
tion pressure) mainly in proportion to the concentration of the 
plasma proteins (and particularly the albumin). The concen- 
tration of the sulfanilamide derivatives is, within the thera- 
peutic range (2 — 20 mg per 100 ml), of only subordinate sig- 
nificance with regard to the percentage of bound drug. 

Therefore, the published figures hardly permit the conclusion 
that in a certain case the concentration of the drugs in the cere- 
brospinal fluid is equal to the freely filtrable plasma fraction 
or not. 

Further, it has not as yet been established that the binding 
to the plasma proteins determined by means of such model tests 
precludes a transmission from the blood to the central nervous 
system. Moreover, this binding may be severed in or next to 
the membrane separating the blood and the central nervous 
system. 

Therefore, this problem can only be approached by simulta- 
neous ultrafiltration of the plasma and determination of the 
concentration in the cerebrospinal fluid of a comprehensive 
material. 

Finally, it should be emphasized that these conclusions can- 
not, in all likelihood, be applied to all the substances occurring 
in the blood and cerebrospinal fluid. In, some of these cases, 
factors such as the Donnan equilibria, a specific function of the 
chorioid plexus, etc., are assumed to be of decisive importance. 
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Summary 


In order to obtain an explanation of the different concen- 
trations of various sulfanilamide derivatives in the central ner- 
vous system, the following items must, inter alia, be taken 
into account: 

1. Their binding to the plasma proteins. 

2. The existence of a barrier (i. e. signifying differentiated per- 
meability) between the blood, on the one hand, and the cen- 
tral nervous system and the cerebrospinal fluid, on the other. 

3. The affinity to the ganglion cells and the rest of the cere- 
bral substance. 

The barrier between the blood and the central nervous sy- 
stem seems to exert an obstructive function, with regard to 
the acid substances. In the ultrafiltrable plasma fraction, at any 
rate, they are hindered in proportion to the degree of acidity, 
while basic substances, penetrate. This seems to bee establish- 
ed with regard to dyes and, this possibility is, anyhow, not ex- 
cluded in the case of sulfanilamide derivatives lacking the 
character of a dye. 

Principally the acid dyes are taken up in the ganglion cells, 
whereas the basic ones are taken up in the rest of the cerebral 
substance. In all probabiUty, sulfanilamide derivatives lacking 
the characteristics of a dye are not bound to the cerebral sub- 
stance or to the -ganglion cells. 

The weakly acid sulfanilamide is transmitted from the 
blood to the cerebrospinal fluid and the central nervous system 
hardly without any obstruction. Sulfapyridine and sulfathia- 
zole, which are more acid, penetrate to a lesser extent, and 
prontosil solubile does not penetrate at all. Prontosil rubrum 
which is very slightly acid does permeate the barrier. However, 
it is bound to the cerebral substance and cannot, therefore, be 
ascertained in the cerebrospinal fluid. 

After injection into the cerebrospinal fluid, prontosil solubile 
is taken up, similar to other acid vital dyes, in the ganglion 
cells in particular. 

Thus, the degree of acidity and the coupling in a dye play an 
important part with regard to the passage and localization to 
the central nervous system of sulfanilamide derivatives. 
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CHAPTER VII 


Own inYcstigations regarding tlie distribution of 
prontosil soliibile and sulfanilaniide in 
different organs examined by means 
of cliemicfil metliods 


Introduction 

Considering that some sulfanilamide derivatives have an 
even distribution in the organism with, on the whole, the same 
concentration in aJl the tissues, and others obtain an uneven 
distribution with high concentrations mainly in the connec- 
tive tissue (acquired by a linkage to another substance caus- 
ing a specific affinity to certain tissue structures), and fur- 
ther, since a varying degree of permeability of different sul- 
fanilamide derivatives occurs in the central nervous system, 
the results are well in agreement with those derived from the 
chemical extraction of whole organs and tissues or larger 
pieces of them, as described in Chapter IV. 

On account of the lack of information in the literature 
regarding the contents of prontosil solubile in various tissues, 
examinations of this kind have been performed. Also the con- 
tent of sulfanilamide in the tissues after prontosil medication, 
has been determined in these animals. For the sake of compa- 
rison, the sulfanilamide concentration after the application of 
pure sulfanilamide has been tested in another series of ani- 
mals. In the latter case, the results conform altogether with 
those of other authors. 

Methods and results 

Method. The method, described by Richtner (1943) and slightly 
modified by Herberts (1944<), has been adopted for the determination 
of sulfanilamide in the tissues. 
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Since Richtner has found that the extraction procedure to a great 
extent causes a conversion of the aoetylated derivative to the free form, 
only the total amount of sulfanilamide has been determined. 

The determination of prontosil solubile in the tissues has been per- 
formed in the following manner. When the organs have been removed, 
cut into small pieces and weighed, 1 ml of a 5 per cent solution of NaOH 
is added, ^^^len the tissues have been dissolved after heating for a few 
minutes in a water bath, l.G ml of distilled water is added. After this, it 
is neutralized with 0.4 ml of 4; N HCl. Then the proteins are precipitated 
by means of 0.8 ml of a 15 per cent solution of trichloracetic acid. After 
centrifuging, the extinction of the filtrate is determined in a Pulfrich 
step-photometer with filter S 50. The concentration in the filtrate was 
calculated from a standard curve obtained in the same way as the samples. 
It should be noted that the extinction curves of prontosil solubile differ 
somewhat with regard to whether the solution is acid or alkaline (Stelzer 
1939). 

0.2 ml whole blood diluted with 3 ml saponin has been employed for 
the determination of the prontosil concentration in the blood. After pre- 
cipitation by means of 0.8 ml of a 15 per cent solution of trichloracetic 
acid, the concentration of the filtrate has been calculated in the same way 
as in the tissues. By means of admixture tests (with a known amount of 
prontosil in the blood), the precipitation of proteins has been found not 
to involve any determinable loss of prontosil. 

The sulfanilamide content in the tissues of the animals treated with 
prontosil has been established in the following way. After having deter- 
mined the prontosil concentration by means of the photometer, 0.1 ml 
4 N HCl has been added to 2 ml of the filtrate. After heating for 30 
minutes in a water bath, the sample has been divided into two equal 
parts. One of them has been diazotized similarly to the procedure used 
with regardi to the sulfanilamide. The other has been diluted in a cor- 
responding way, but without coupling to ethyl-a-naphtylaminehydiro- 
chloride. This one has been used as a comparative fluid. When at the 
conversion of prontosil solubile to sulfanilamide also sodium — 2 — amino — 
— 1 — acetamino — ^1 — ^naphtol — 3.6 — disulphonate is produced, this com- 
pound might, if diazotizable, be assumed to render the values of the sul- 
fanilamide concentrations too high. Since, according to Fuleer, this com- 
pound is at any rate not diazotizable before hydirolysis, in some animals 
the sulfanilamide concentrations w'ere determined before as well as after 
hydrolysis. The values after hydrolysis did not exceed those obtained 
before hj'^drolysis with more than 10 per cent. This difference is altogether 
explained by the conversion of acetyl-sulfanilamide to free sulfanilamide. 
In vitro experiments, this sodiumsulphonate was not diazotizable, whether 
before or after hydrolysis by means of the determination methods em- 
ployed here. 
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Table 6 a. Concentrations of sulfanilamide after intravenous 
injection of 0^ ml. of a 0.75 % solution 
of stdfanilamide. 


Orpnn 

Concentrations in mg per JOO grammes 

Mean ratio 

cone, in tissue 
cone, in blood 

1 

hour after in; 


2hrsnflerinj. 

Mouse 

1 

Mouse 

2 

Mouse 

3 

Mou.se 

4 

Mouse 

5 

Mouse 

6 

1 hour 

2 hours 

Blood 


G.8 

5,6 

6.2 

.5.0 

4.4 


10 

Skin 

G.4 

G.8 

4.G 

6.4 

6.2 

5.1 


11 

Lungs 

5.3 

5.G 

5.1 

5.1 

5.9 

6.0 


13 

Muscle 

7.7 

G.l 

6.5 

5.G 

5.2 

4.4 

11 

10 

Kidneys 

10.2 

13.0 

3.8 

8.9 

4.9 

— 

15 

10 

Brain 

3.C 

5.1 

— 

— 

— 

— 

7 



TJ>e mean ratios relate to a blood concentration = 10. 


The results, which have been collected in Table 6, show that 
1 hour after the intravenous injection of 12.5 mg of prontosil, 
the skin, the lungs and the kidneys have the highest con- 
centration of prontosil among the examined organs. Muscula- 
ture has a considerably lower concentration, and the brain 
reveals no traces of prontosil (Table 6 b). 

Moreover, it should be noted that also the concentration 
of sulfanilamide is somewhat higher in the skin and lungs 
of animals treated with prontosil (higher than in any other or- 
gan), than in those treated with the equimolecular dose of pure 
sulfanilamide. At tlie same time after the injection of equi- 
molecular doses of sulfanilamide, an almost identical concen- 
tration is found in all the examined tissues (Table 6 a). 

It should, however, be added that the prontosil concentra- 
tion found in the skin corresponds to a very much higher con- 
centration in the connective tissue, probably several times as 
much, since a great part of the weight of the skin is due to the 
musculature and the epithelium, etc., which do not contain any 
detectable quantities of prontosil. 


6 — IJelandcr 
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Prontosil solubile. The mean ratios relate to a 
Sulfanilamide. 



Further, it should be pointed out that the values of the con- 
centration in the various tissues are not directly comparable 
with regard to prontosil, on the one hand, and sulfanilamide, 
on the other, owing to the considerably faster excretion of 
prontosil. 

However, the conclusion may be drawn from these che- 
mical determinations that prontosil solubile has an uneven 
distribution in tlie organism. The pure sulfanilamide on the 
other hand, is evenly distributed in the body. Finally, a higher 
concentration of sulfanilamide is obtained in the skin and lung 
by treatment with prontosil than by the administration of the 
eqiiiraolecular dose of pure sulfanilamide. 


Summary 

The uneven distribution of prontosil in the tissues, observed 
in the fluorescence microscope, is confirmed by the determina- 
tion of tlie prontosil concentration in the various organs and 
tissues by means of chemical methods. As was to be expected, 
the skin and the lung had the highest prontosil concentration, 
followed next by the kidney, the lowest concentration occurr- 
ing in the musculature. No traces of prontosil solubile are 
ascertainable in the braw. 

As regards sulfanilamide, the concentration in the skin, tlie 
lung and the musculature was approximately identical, whereas 
it was higher in the kidneys and somewhat lower in the brain. 

After the administration of prontosil also higher concentra- 
tions of sulfanilamide were obtained in the skin and lung than 
after sulfanilamide medication (equimolecular doses), while the 
concentration in tlie blood and musculature was somewhat 
lower. 
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CHAPTER VIII 


O^vTi iiiTestigations regarding the posslhillties 
of directing drugs to certain tissues 


Investigations regarding the prerequisites for directing 
sulfanilamide derivatives to elastin and collagen 

The affinity to elastin and collagen of prontosil solubile having 
been proved, the question of the particular factors necessary 
for producing this affinity arises. 

The factors which may be expected to play a part in this 
connection are as follows: 1) the drug’s character of an azo-dye, 
2) the acid or basic nature of the substance at the pH of 
the blood, and 3) the acid or basic groups of the compound 
coupled to the sulfanilamide derivatives by means of an. azo 
linkage. 

The question whether the acid or basic nature of the sub- 
stance is of any significance' in this connection was first sub- 
jected to analysis. Accordingly, chrysoidine, which is a purely 
basic substance and very closely related to prontosil rubrum, 
was injected intravenously (0.5 ml. of a 2.5 per cent solution). 
Chrysoidine was found not to have any affinity to elastin and 
collagen. 

Since prontosil rubrum is stated to be a basic dye, it was 
necessary to examine this substance too. As it is not easily 
dissolved and therefore unsuitable for injection, it was baked 
into bread and given to the animals during periods of 2 — 4; 
hours. When the animals were sacrified, the macroscopical ex- 
amination revealed the ears of the mice to be yellow. Microsco- 
pically, prontosil rubrum was found to have the same affinity 
to elastin and collagen as prontosil solubile. In order to examine 
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whether tlie prontosil rubrum. and prontosil solubile were 
positively or negatively charged, electrophoresis experiments 
were performed at the pH of the blood. Such tests have been 
carried out earlier by Bennhold (1938), who discovered that 
prontosil follows the albumin, and by Schonholzee (1940), 
who arrived at identical results. However, since the former 
did not state whether he had studied prontosil rubrum or 
solubile, or both, and the latter merely writes tliat he examin- 
ed »prontosil rubrum solubile®, it remained unclear whether 
both the preparations had been tested and, if so, whether 
they both behaved similarly. 

These cleclrophorcsis examinations have been performed by B. Olhagen. 
He employed an apparatus constructed by Tiselius-Svensson. The elec- 
trophoresis is made at a temperature of -{-0.5° C in a serum dilution of 
1:4, in a phosphate buffer, at an ion strength of O.i, the pH being 7.68. The 
potential gradient (F) equalled 7 volt/cm. The drug concentration was 
O.02 per cent. 

Prontosil rubrum, as well as prontosil solubile, were found to 
be negatively charged at the pH of the blood, mo\dng towards 
the anode, one part more rapidly than the protein gradients, 
and another part at an equal pace. Thus, both drugs act as 
acid dyes at the pH of the blood. 

The acid, i. e. electro-negative, nature of an azo-dye at the 
pH of the blood seems to be a siyie qua non for the staining 
of elastin and collagen. The fact that sulfathiazole, which 
is fairly strongly acid, does not have this affinity, serves to 
prove that the azo linkage is of significance and that merely 
the acid nature of the substances will not suffice. On the other 
hand, sulfanilamide derivatives may, of course, possibly be 
combined in some other way than in the azo linkage, thereby 
obtaining an affinity to certain tissue structures. However, 
this question will not be entered upon here. 

After having established the affinity of at least some acid 
azo-dyes to elastin and collagen, it remained to be determined 
whether any importance had to be attached to the particular 
group producing the acidity. 
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Thus, proutosil rubrum and prontosil solubile are acid, the' 
former owing to the sulfonamide group, and the latter owing 
to the sulfonic acid groups -1- the sulfonamide group. Since 
preparations with carboxylic groups already existed in 
salazothiazole and salazopyrin, they were subjected to a test. 
They, too, were found to have an affinity to elastin and col- 
lagen. However, it should be noted that these preparations also 
have the acid sulfonamide group in sulfathiazole and sulfapyri- 
dine (cp. folded page at back with formulae). This group 
has alone sufficed to produce an affinity in prontosil rubrum. 
Accordingly, this merely serves to demonstrate that the 
affinity does not change when the acid groups of the com- 
pound coupled to the sulfanilamide derivatives by means of 
an azo linkage are changed. 

Also a few common azo-dyes, viz. Congo red and trypan 
blue, have been tested and found to have the same affinity. As 
regards the dyes neutral red and phenol red, the former being 
stated to be a basic dye and the latter an acid one, neutral red 
was found to lack an afiinity to elastin and collagen, while 
phenol red had this afiinity. Obviously, even acid dyes other 
than azo-dyes may have an elastin and collagen afiinity. How- 
ever, the determining factors in these cases have not been 
closely studied. The fact that, at any rate, all the tested acid 
azo-dyes had an elastin and collagen affinity has been allowed 
to suffice in this connection. 

The elastin affinity of several acid dyes and, above all, of the 
azo-dyes has been demonstrated earlier by, among others, 
Kiyono & Aaiano (1937/38) Still, they merely mentioned 
one basic dye which was assumed to have an elastin affinity, 
viz. Bismarck brown. Other investigators (Seki, von Mol- 
lendorff), describing vital staining with this dye, have not 
specified whether or not an elastin affinity existed. 

_ Seki (1933) reported that this dye can be recharged and, 
since it is rarely pure but consists of a mixture of different com- 
pounds, it is not improbable that the exceptional character of 
this dye is merely imaginary. In my own investigations, Bis- 
marck brown has not had an affinity to elastin and collagen. 
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Roman (1918) described a vital staining of elastin and col- 
lagen obtained by means of thienyl-chinolin-carbonic acid, 
i. e. a compound in close relation to at of an, in which the 
phenyl group has been substituted with a tiofen group. 

The question whether the affinity to elastin and collagen 
shoxdd be interpreted as an adsorption or a salt bond is nowadays 
-of minor interest, since the conception is steadily gaining ground 
that, in principle, no difference occurs between these two forms 
of staining. Thus, Karrer (1942) writes in the chapter regar- 
ding the azo-dyes, as follows: 

»The difference between the adsorption and salt formation 
theory has anyhow lost in conspicuity and significance ever since 
the adsorption was interpreted as a process, where the valence 
powers derived from the atom lattice of the adsorbent have 
been conceived to cause the adsorption, since these valence 
powers are identical with normal chemical valences. 

Thus, the fixation of dyes in wool and silk is, no doubt, due 
to such free lattice valences. Moreover, through the electrostatic 
nature of these valences (positive and negative), also the affinity 
to basic and acid dyes becomes explicable.» 

Particularly important in this connection is, apparently, above 
all that the binding to elastin and collagen is sufficiently loose 
to permit the liberation of prontosil. This is evident from the 
fact that the high concentrations, which occur in the elastic and 
collagenous structures, as late as an hour after the intravenous 
injection, have altogether disappeared after another 3 hours. 
Further, prontosil can easily be washed out of elastin and col- 
lagen. One drop of destilled water on a section will suffice 
to cause the prontosil to diffuse within a few minutes. 

The pronounced looseness also of the binding to the plasma 
proteins is noted, inter alia, by the liberation of prontosil by 
shaking with charcoal. The adsorption capacity of the char- 
coal is thus found to be stronger than that of the plasma 
proteins. This has been established earlier with regard to 
other sulfanilamide derivatives (Kjimmig and Weselmann 
1941) and some azo-dyes [Ehrstrom (1936), Gottlieb and 
Ludwig (1937)]. 
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In order to examine the accuracy of this principle, viz, that 
the acid azo dyes have an elastin and collagen affinity, it was 
considered appropriate to couple the sulfathiazole in an azo lin- 
kage in the same way as sulfanilamide is coupled in prontosil 
rubrum and solubile. Since acetamino-naftol-disulfonic acid 
was unobtainable, amino-naftol-disulfonic acid was used in- 
stead. 

The preparations, which have been prepared by AB Astra, 
have been called Prep I and II,^ 

^Vhen these compounds were injected intravenously, they 
were foimd to have, as expected, an elastin and collagen affinity. 
In electrophoresis experiments, also Prep. I moved towards the 
positive electrode. In addition, another observation of interest 
was recorded. Prep, I was excreted more slowly than Prep. U 
and remained after 4 hours in high concentrations in the connec- 
tive tissue. This is, in all probability, due to factors such as 
solubility, tlie size of the jiarticles, diffusion speed, etc., as 
experiences from the comprehensive literature regarding vital 
dyes will indicate. In this particular case, these conditions in- 
volved a considerably slower excretion through the liver of Prep. 
I than of prontosil solubile, prontosil rubrum or Prep. II, caus- 
ing high concentrations also in the liver cells. On the other hand. 
Prep. II, as well as prontosil solubile, pass rapidly through the 
cells of the liver and in low concentrations, attaining high con- 
centrations only in the biliary capillaries. 

A description of sections from animals treated with 0.5 ml 2.5 o/o 
sol. of Prep. I intravenously. 

(All the animals were killed at the same time of the day.) 


2 minutes after the injection (3 animals ). • 

The hepatic cells were of a marked brown colour in the region next to 
the central vein. The staining weakens successively towards the. peri- 
phery. The nuclei were unstained. Regions occur between these brown 
parts where the hepatic cells have a blue fluorescence with a faint yellowish 
gleam. 


present, producing the sodium salt of sulfathiazole-azo-acetamino- 
na 0 isu onic aend as well as a series of other sulfathiazole and sulfapyiidine 
azo denvatives. ^ 


88 



15 — 60 minutes after the injection (6 animals). 

Liver. Still an even yellow-brown colour. Nuclei unstained. The granules 
of the V. Kupffer cells still have a yellow colour. 

The cells in the intestine are also to a large extent a yellow-brown. 

4 hours after the injection (S animals). 

The hepatic cells still fluoresce in a marked yellow-brown colour. How- 
ever, the brown colour is now less pronounced round the central vein. 
Thus, the picture is reversed as compared to the one obtained 2 minutes 
after injection. 

Otherwise, the localization with regard to elastin and collagen 
coincides with that of prontosil solubile. Prep. I, however, is 
retained in almost equally high concentrations 4 hours after the 
injection as 15- minutes after. 

Thus, the excretion rapidity can be varied by chan^g the 
compound which is coupled to the drugs in an azo linkage. 
Further, not only can the depot effect in the connective tissue 
be prolonged, but there may also be a theoretical, possibility 
of higher concentrations even in the epithelial cells, where 
the drugs are resorbed and excreted, or, in fact, in all the 
epithelial cells into which the drugs may pass. 

Do any other theoretical possibilities exist of directing 
drugs to certain tissues? 

As pointed out before, there should be several possibilities of 
coupling, apart from the azo combinations. The literature 
dealing vith the subject of vital staining might be expected to 
indicate some fundamental lines to pursue in the search for 
suitable combinations. However, the results derived from 
this abundant literature do not appear immediately appropriate 
for this particular purpose. Naturally, a discussion of the details 
cannot be entered upon in this paper. A few experiences will, 
nevertheless, be submitted. So far, the capacity of vital staining 
has been found to be an exceedingly complicated matter in some 
substances, being more dependent on the physical properties of 
the compound than on its chemical properties (Hertwig, 
Kjyono, von Mollendorff, Seki, Gickehorn, Keller). 
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The factors which have been found to be of particular in- 
terest are, as follows: 

1. The degree of dispersion. The smaller the size of the mole- 
cules and the particles, the easier the penetration of the sub- 
stances into the cells. 

2. The electrical charge. 

3. The solubility. This plays a part, inter alia, with regard to 
the time during which the substances remain in the cells. 
The less the solubility, the slower the excretion. 

4. Lipoid-solubility is not a necessity for the staining of cells 
rich in lipoids. 

However, the interplay of these factors is such a complicated 
matter that, even if all are known, it is often difficult to 
predict, with any higher degree of certainty, the localization 
in the organism. Moreover, attention has generally mostly been 
directed to the vital staining of different cells. Accordingly, 
data are, as a rule, lacking regarding the possible vital staining 
of substances such as elastin and collagen. 

The mere fact that various cells and ceUtdar structures have 
been successfully stained with different vital dyes, however, 
indicates great 'possibilities of development in this method of 
directing pharmacologically active substances straight to the 
particular place where a higher concentration is wanted. 
Finally, it should be emphasized that the combination of 
freezing-drying fixation and fluorescence microscopy would 
udden the basis of future research with regard to vital staining, 
considering the fact that the same conditions apply to this 
combination as to hisbo-pharmacological studies, as previously 
stated, and, also, that many of the vital dyes in common 
use show an extremely marked fluorescence. 


Summary 

An elastin and collagen affinity has been proved to be a pro- 
perty inherent in all acid azo-dyes tested up til now, viz. pron- 
tosil solubile, prontosil rubrum, salazothiazole, salazopyrin, Prep. 
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I and n, Congo red and trypan blue. Accordingly, by coupling 
substances in sucb a linlcage they can be directed to the connec- 
tive tissue. By varying the compound to which the sulfanila- 
mide derivatives are coupled by means of the azo linkage the 
excretion rapidity can be affected. In this way, high concen- 
trations can also be obtained in, for instance, the hver. Finally, 
through the further application of these principles, various 
future potentialities ndtli regard to the direction of drugs 
other than chemo-therapeutics have been indicated. 
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CHAPTER IX 


General flisciission 


Prontosil rubrum and solubile, as distinguisbed from pure 
sulfanilamide, have been found to show an extremely irregular 
distribution in the tissues with high concentrations particularly 
in the connective tissue. This is due to the pronounced affinity of 
these compounds to elastin and collagen. The question arises 
whether this explains the better effect obtained by the use of 
prontosil drugs in the case of some infections, such as erysipelas, 
than by a dose of sulfanilamide corresponding to the amount of 
sulfanilamide reductively converted by prontosil. The answer 
is, in my opinion, in the affirmative. 

It should be evident, from the examinations performed, that 
higher concentrations of sulfanilamide occur in, for instance, the 
skin by the injection of sulfanilamide coupled' in an azo linkage, 
than by a supply of equimolecular doses of sulfanilamide in a free 
form. This notwithstanding that the particular prontosil pre- 
paration employed (prontosil solubile) is unsuitable for a com- 
parison of this kind because of its speedy excretion. At the time 
of the test (1 hour after the injection) a large amount had al- 
ready been excreted unchanged, while the pure sulfanilamide is 
not excreted so quickly. 

The concentrations of prontosil occurring in the connective 
tissue are, in all likelihood, calculated to exceed those obtained 
by the supply of pure sulfanilamide to such an extent as to 
be several times higher. For it is obvious, that from the ascer- 
tained prontosil quantity, the main part is localized to the elastic 
and collagenous fibers. Since a large part of the skin consists of 
musculature, fat, glands, epithelium, nerves, . etc., the prontosil 
concentration in the elastin and collagen is, very likely, several 
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times higher than that of the entire analyzed piece of skiii (cp. 
Fig. 5). 

The dose of sulfanilamide, administered in a pure form, is 
probably more diffusely distributed all over the skin. The distri- 
bution in the skin of the sulfanilamide produced by reduction 
of prontosil is unkno\vn. However, the highest concentration of 
sulfanilamide probably occurs in the surrounding parts close to 
the high prontosil concentration. Thus, the sulfanilamide con- 
centration after the 'prontosil treatment becomes several times 
higher than in treatment with equimolecular sulfanilamide do- 
ses. In addition, a depot effect of prontosil is obtained owing to 
the elastin and collagen affinity. This is due to the fact that 
prontosil has been demonstrated to remain for a longer time in 
these tissues than elsewhere. 

This suffices, it seems to me, to explain the better effect gained 
by the prontosil drugs in infections localized to the connective 
tissue, in particular, viz. erysipelas, than by pure sulfanilamide, 
even though prontosil may be assumed to exert its action only 
by the sidfanilamide obtained by reductive conversion. 

In addition, the forementioned facts throw light upon the 
relative absence of toxic effects from prontosil preparations. 
As was to be expected, from the fluorescence microscopical pic- 
ture, and from the quantitative examinations of tissues and 
blood, the prontosil concentration in the blood and in the 
organs deficient in elastin and collagen, is considerably lower 
than that obtained vnth equimolecular doses of sulfanilamide, 
this notwithstanding the higher skin concentration in the former 
case. Apparently, the toxic effects are due to the concentra- 
tions in organs and tissues other than the skin, viz. blood, brain, 
etc. These toxic effects have, therefore, to some extent, been 
avoided by meam of the azo linkage. 

It follows, as a matter of course, that in the case of prontosil 
an examination of the blood concentration, for the purpose of 
facilitating an estimation of the therapeutical effect, is not worth 
while. Still, it may be justified in connection witli sulfanilamide 
derivatives with an even and diffuse distribution. Since the 
concentration at the site of the infection determines the chemo- 
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.iherapeuiic effect, the 'prontosil prepaTatuyns jnust, in the event 
of infections in the connective tissue, he Tegwrded as ideal fTom 
the point of view of localization. This localization is all the more 
-valuable on account of the particularly frequent occurrence of 
infections in this tissue. 

An additional conclusion may be drawn from the results ob- 
tained ndth prontosil solubile. Sulfanilamide passes quite easily 
into the central nervous system where it attains concentrations 
approximately equal to those of the blood. On the other hand, 
prontosil does not penetrate into the central nervous system. 
(Further, the sulfanilamide concentration in the cerebrospinal 
fluid is very low at a prontosil therapy.) Thus, substances not 
wanted in the central nervous system may he kept away hy 
coupling in an acid azo compound: 

'However, the prontosil preparations are not so satisfactory 
from a therapeutical point of view, since sulfanilamide is not 
the most active substance among the known sulfanilamide deri- 
vatives. When it was found that, in all probability, the majority 
of the acid azo~dyes had an elastin and collagen affinity, an 
attempt to couple sidfathiazole in an acid azo dye suggested 
itself, with a view to exploiting the good chemo-therapeutical 
effect obtained by sulfathiazole, as well as the favourable local- 
ization properties of the azo linkage. For this reason, inter alia. 
Prep. I and II were produced. Unfortunately, a sufficient quan- 
tity of raw materials has, as yet, not been available for testing 
the chemo-therapeutical effect of the drugs on localized infec- 
tions. So far, all that can be said regarding these preparations is 
that they have the desired localization. 

These two compounds, however, offer another point of 
interest in this connection. By varying the compounds which are 
coupled to the sulfanilamide derivatives hy means of the azo 
linkage, the excretory rapidity of the preparation can be 
changed. 

Thus, Prep. I disclosed considerably slower excretion than 
Prep. H. In this way, high concentrations occurred, inter alia, 
in the hepatic cells. This offered at least a possibility of pro- 

94 


ducing a more favourable chemo-therapeutical effect also in 
these cells. 

The azo linkage is also of value when salazopyrine and salazo- 
thiazole preparations are concerned. These drugs were suggested 
by N. SVAETZ chiefly for application in polyarthritis. With 
these dru^s comparatively high concentrations, attained by 
means of the azo linkages, oj salicylic acid as well as suljathia- 
zole and stdfapyridine undoubtedly occur in the elastic carti- 
lage and in the connective tissue surrounding the joints (joint 
capsules, tendons, etc.). 

Nevertheless, the coupling to an acid azo-dye is not only use- 
ful when sulfanilamide derivatives are to be directed to the 
connective tissue in order to attain high concentrations and an 
accumulative effect. It should also be applicable for the same 
purpose with other drugs. It is only necessary that the drug is 
diazotizable. The azo compound, in particular, is very useful 
since it is converted in the organism, during which process the 
active substance is liberated. It is, of course, possible that some 
of these substances are also active as azo compounds. 

Finally, yet another way of directing drugs to a definite or- 
ganic system may be added. Substances with sufficiently large 
particles for storing in the R. E. S., should be obtainable by 
coupling the effective substance in the azo linkage and selecting 
a suitable compound for this purpose in order to obtain high 
concentrations in this system. 

Future research will probably discover means of directing 
drugs also to other tissues, tissue structures, cells and cellular 
parts by coupling in other compounds than the azo ones. 
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Survey of tlie results 


Part I 

The Altmann freezing-drying method is generally applicable 
in fixation for histo-pharmacological purposes. 

Fluorescence microscopy is, in a great number of instances, a 
useful method for detecting drugs in the tissues particularly in 
connection with a new heating procedure, described by the 
author, which produces a contrast between the fluorescence of 
drugs and that of tissues in several cases where a contrast has 
otherwise not occurred. 


Part II 

The fact that prontosil rubrum and prontosil solubile appear 
to have a better effect in certain localized) infections, such as 
erysipelas, than corresponding to the reductively converted 
sulfanilamide is, in all likelihood, due to the varying behaviour 
of these drugs when introduced into the organism. The suKanil- 
amide spreads, on the whole, evenly and diffusely over the entire 
organism, while the prontosil preparations have an extremely 
irregular distribution with high concentrations chiefly in the pul- 
monary tissue, the connective tissue, the elastic cartilage, the 
tendons and ligaments, and low concentrations in the remaining 
organs and tissues. No storing has been ascertainable in the re- 
ticulo-endothelial system (R. E. S.) . Since the concentration at 
the site of the infection is important with regard to the chemo- 
therapeutical effect, and considering also that, inter alia, the skin 
contains not only prontosil at high concentrations, but also 
sulfanilamide in higher concentrations than those obtained by 
injection of equimolecular doses of pure sulfanilamide, prontosil 
compounds appear capable of producing a superior effect parti- 
cularly in infections such as erysipelas. 


96 



Intravenous injections cause higher concentrations in the skin 
than local application in the form of an ointment, at any rate 
when the surface of the skin is intact. 

The effect of prontosil in the case of pneumonia, less satis- 
factory than might be e,xpected considering the high concentra- 
tions in the lungs, may depend on the insignificant effect of 
sulfanilamide on pneumococci. 

The comx>aratively low concentration of sulfanilamide and 
prontosil in the blood and other tissues at prontosil treatment 
may explain the comparative rarity of the toxic effects at pron- 
tosil therapy. 

The explanation of the uneven distribution of the prontosil 
compounds lies in their strong affinity to elastin and collagen. 

It has been clearly shown that this affinity is dependant on 
the acid azo-dye character of these drugs, this affinity apper- 
taining to all the acid azo compounds so far tested, but not to 
the basic ones. 

Thus, thanks to the azo linkage, the salazopyrine and sala- 
zothiazole preparations, for instance, may at the reduction of the 
azo linkage in the tissues, attain high concentrations of salicylic 
acid, as well as sulfathiazole and sulfapyi’idine in, e. g., the joint 
capsules, tendons and ligaments. 

This method of directing sulfanilamide derivatives, by coupl- 
ing in acid azo-dyes, straight to the tissues rich in elastin and 
collagen was applied to sulfathiazole (which in its pure form has 
a diffuse distribution in the organism) for the purpose of ob- 
taining an easily soluble preparation, which combined the good 
chemo-therapeutical properties of sulfatliiazole with the favour- 
able localization in the tissues of the azo-dyes. 

The compounds thus produced possessed the desired pro- 
perties with regard to localization. 

Tlie chemo-therapeutical effect has not been provable owing 
to the lack of raw materials. 

By varying the compound which is coupled to the drug by 
means of the azo linkage, the diffusion capacity, the solubility, 
the rapidity of excretion, etc,, of the substance may be changed, 
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In this way, high concentrations may also be attained in other 
organs, such as the liver, the reticulo-endothelial system, etc. 

The fact that acid azo-dyes do not penetrate into the central 
nervous system, renders possible the detoxication of substances 
which have a toxic effect on the central nervous system. 

One of the main factors of significance with regard to the 
passage to the central nervous system is, apparently, the binding 
to the plasma proteins. In addition, the occurrence of a barrier 
is probable between the blood and the central nervous system, 
signifying a differentiated permeability of different substances 
in relation to their degree of acidity. 

The possibility of employing the linkage in azo compounds 
and other substances in order to direct' drugs to different organs 
and tissues has been discussed. 
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General Introduction. 


. A problem of fundamental interest in cell physiology concerns 
the effect of changes in the carbon dioxide concentration in the 
Ihing cell on the metabolism and the state of the protoplasm. 
Investigations performed in recent years have shown that carbon 
dioxide cannot exclusively be regarded as an end product in the 
metabolism of heterotrophic cells; it directly participates, indeed, 
in certain enzymic reactions within probably all cells. Carbon 
dioxide presumably also affects the physico-chemical properties 
of the protoplasm, which are intimately associated A\dth the bi- 
carbonate buffer system of the cell. Through the latter, carbon 
dioxide may indirectly influence the metabolism. 

The problem of the effect of carbon dioxide on the function 
of the cell requires the study of the effect of probable variations 
in the acidity of the protoplasm. In the cells of most biological 
materials, the acidity of the protoplasm, t. e. the hydrogen ion 
concentration in the water phase of the cell content and hence 
the hydrogen ion concentration in the colloidal interfaces, gener- 
ally corresponds to about pH 7 or somewhat less. The acidity of 
the protoplasm depends upon, among other factors, the carbon 
dioxide concentration in the cell and upon the ability of the 
protoplasm to bind carbon dioxide to alkali. It is of interest in 
this connection to examine whether enzymic reactions take place 
which counteract the changes in pH and whether such a regulating 
mechanism is dependent on the character of the metabolism. 
Furthermore, the study of the effect of carbon dioxide on living 
cells involves an examination of the direct influence on the state 
of the protoplasm exerted by changes in the concentrations of 
carbon dioxide and bicarbonate ions. A varying carbon dioxide 
concentration within the cell may arise through a change in the 
features and the intensity of the metabolism or through an al- 
teration in the external physiological conditions. We may also 
put the unsolved question whether the effect of carbon dioxide 
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in intensity and quality in a cleat manner from that of untreated 
yeast. The following description of methods and materials will 
include an account of certain ohservations concerning the features 
and the metabolism of the different yeasts. These ohservations 
are of importance in the consideration of the present studies and 
the problems arising in the course of the work. 

A method for the determination of the quantity of acid-labile 
bound carbon dioxide in yeast has been developed on the basis of 
Warburg’s manometric method. Making use of this procedure, 
it has been possible to determine the quantity of carbon dioxide 
bound at different carbon dioxide and oxygen pressures in yeasts 
pretreated in various manners. Xn pursuance of these investiga- 
tions, pH values were measured in the presence and absence 
of carbon dioxide on suspensions of yeasts, which were fixed by 
heating to 100° C. From these measurements and on the basis 
of observed dilution effects, changes in the pH of the protoplasm 
under different physiological conditions could be estimated. 
Finally, the experimental results are discussed with special regard 
to the relationship between estimated pH values and the quantity 
of acid-labile bound carbon dioxide, assuming that the latter 
consists of bicarbonate. As deviations appear between the values 
found and those calculated theoretically, various possibilities are 
examined regarding the binding of carbon dioxide other than as 
bicarbonate. 

It is to be emphasized that calculations of the values for the 
acidity of the protoplasm from measurements of the quantity of 
acid-labile bound carbon dioxide within the intact cell can only 
be regarded as approximate. Data necessary for such calculatioins 
in the case of yeast cells are only available from measurements 
on serum, haemolysed blood corpuscles, or other injured cells. As 
carbon dioxide affects the metabolism of the cells and, conse- 
quently, a change of the latter obviously influences the carbon 
dioxide binding and the pH value of the protoplasm, a calculation 
will be valid only for those experimental conditions where the 
cells are in dynamic equilibrium with a gaseous phase of given 
composition. Up to the present, it cannot be stated conclusively 
w'hether, after a change in the physiological conditions, the dis- 
sociation constants, the activity coefficients, the solubility of car- 
bon dioxide in the protoplasm, and the carbon dioxide concentra- 
tion in the intact cell (despite the same carbon dioxide content in 
the gaseous phase) are constant. This uncertainty involves a 
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change in the properties of the cell and its metabolism in the 
course of the measurements and may be assumed to be especially 
significant under intentionally changed physiological conditions. 
As, however, changes in the physiological conditions are necessary 
to pro\’ide an insight into their effect on the properties of the 
protoplasm, this uncertainty cannot be avoided. This is a diffi- 
culty which must always be kept in mind during work on living 
material. 



CHAPTER I. 


The Effect of Carhon Dioxide on Living Cells and 
its Significance in Biological Processes. 

A Review. 

A. The Importance of Carhon Dioxide for the Growth 
of Micro-organisms. 

Carbon dioxide is of essential importance for the normal func- 
tioning of living cells of the most different types. Investigations 
in this field have been made by studying the effect of carbon 
dioxide on the metabolism and the protoplasm, either during 
treatment of the cells with carbon dioxide under different carbon 
dioxide pressures or by removing the carbon dioxide formed 
during metabolism as completely as possible from the environ- 
ment of the cells. Before 1935, the active participation of carbon 
dioxide in metabolism was known only in assimilation processes 
occurring in autotrophic organisms, i. e. those organisms which 
S3mthesize their cell material exclusively from inorganic com- 
pounds where carbon dioxide is the sole source of carbon. How- 
ever, numerous earlier investigations had shown that even the 
heterotrophic cells, which require for their growth organically 
bound carbon, are greatly dependent on and affected by carbon 
dioxide. 

At the end of the 19th century, it was already well known that 
high concentrations of carbon dioxide frequently have an injurious 
effect on various micro-organisms. This effect, however, is as- 
tonishingly small in some cases. Thus, it was found that some 
bacteria, and even yeast cells, in the resting state could stand a car- 
bon dioxide pressure of about 40 atmospheres for more than one 
day without being killed (cf. Larson, Hartzell and Diehl 1918). 
Nevertheless, the groAvth of, for example, micro-organisms is al- 
ready restricted at a much lower carbon dioxide pressure than a. 
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fractional part of atmospheric pressure. Earlier literature con- 
cerning the effect of carbon tiioxitle on bacteria lias been reviewed 
by Vai.lkv (jD26): see Knights index {1936), 

When isolating Brucella ahorltts, Kou'ak' (1908) observed that 
its development was favoured when the cultures grew in a com- 
mon gaseous phase together with the aerobe Bad. subtilis. This 
phenomenon was attributed to a reduction of the oxygen pres- 
sure, Eater, however, the same effect <rou)d be obtained by adding 
carbon dioxide to the air; the furtherance of the growtli should 
thus be attributed to carbon dioxide and not to reduced oxygen 
pressure. This wa.< pointed out by, among other.s, Smith 
11924), M.\,srn {1920), .McAlfine and Seanetz (1928), and Win- 
.soN (1931), w}h< obt.ained an ojUimum growtli for some strains of 
Br. nbnrius wbeij adding b — It) % carlion dioxide to the ga.seous 
phase. In the cult ivat ion of meningococci (Cohen and Eeeming 
1918) and gonococci (Chai'IN 1918), a carbon dioxide concentra- 
tion of c. 10 % yields optimum gnpvth (in some cases, the pre.scnce 
of even up to 30 % carbon dioxiilc lirougbt about good growth in 
meningococci cultivations). For the more recent literature, the 
reader should consult .Shaughnessy (1939), The effect of carbon 
dioxide on tlic growth of bacteria during variations in the o.xygen 
pres^surc ami the comjiosition of the sub-strate has been studied 
in greater detail by Eagoni (1939) and by Wh.i.iam.s (1939). 

Whkkuv and Envi.v (1918) were the finst to sliow that the 
growth <>f lieteroirophic bacteria was sujipressed by the removal 
of carbon dioxiiie from the culture medium. In their experiments 
on tubercle bacteria tiiey found no increase in growth when car- 
bon dioxide was al)sorbed by a .solution of barium or sodium 
hvdroxide. It may be mentioned here that for the growth of these 
bacteria the optimum earlion tiioxide concentration in the gaseous 
phase is only c. 2..'i "i, when tiie pH value of the .substrate is 7.1 
(Davies 1910}, .S.mith (1921) stated that the presence of carbon 
dio.xide wa.s indispensable to the ggowth of Br. aborlits. Further- 
more, KocKWELDand co-worker.s (see KocKWELLand Highbeiwek 
1927), in a .seric.s of invc-'^tigntions, demonstrated that carbon 
dioxide favoured the growth of various aerobic and facultatively 
anaerobic bacteria, the latter even under anaerobic conditions. 
Growth was impeded even in the.se organisms if carbon dioxide 
was removed by incubating plate-cultures over alkaline solutions. 
Investigations In* Vaia.ey and Rettoek (1926, 1927), who studied 
more than 100 different tj'pc.s of bacteria, confirmed that the 
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piessBcs of caiboii dioxid.6 vras a necessary condition for tlie de- 
velopment of botli anaerobic and aerobic bacteria. 

All investigations mentioned above have been carried out on 
plate-cultures. Experiments performed by Wabker (1932), 
Winslow, Walker and Setermeister (1932), and later by 
Gladstone, Eildes and Richardson (1935), showed that even 
for cultures in li(juid media the indispensability of carbon dioxide 
for the groivtb of bacteria could be proved by aerating with car- 
bon dioxide-free air. Removal of carbon dioxide did not, however, 
cause the death of the cells. 

In their experiments on moulds {Mucot) and yeast {Saccha- 
romyces), Rockwell and Highberger (1927) were able to show 
that growth was checked or prevented if the vigorous production 
of carbon dioxide obtained in the gro^vth metabolism of these' 
fungi was restrained and the carbon dioxide produced was kept 
below a certain threshold value by appropriate experimental 
conditions as, for example, low substrate concentration, small 
inoculation amounts, and proper salt environments. On the basis 
of their own results and those of other workers, these investigators 
assumed that carbon dioxide was involved directly in the growth 
of all bacteria, yeasts and moulds, and the gas was used as a 
source of carbon. 

Rippel and Bortbls (1927) demonstrated that the presence 
of carbon dioxide was necessary for the development of the spores, 
of Aspergillus niger. Later, Heilmann (1929) and Rippel and 
Heilmann (1930) confirmed this finding and pointed out the 
significance of small concentrations of carbon dioxide in the 
development of spores of PenicilUum, Rhizopus, Botrytis and other- 
fungi. Furthermore, Platz, Durrell and Howe (1927) examined 
the gro-ivth of the chlamydospores of XJstilago Zeae. They found 
that up to 15 % carbon dioxide in the gaseous phase promoted 
the development, while this was impeded in the absence of carbon 
dioxide. Recently, Golding (1940) investigated the effect of 
various carbon dioxide concentrations on the growth of Penicil- 
h%im rogue forti in air and found that, just as in the cultivation of 
bacteria, grovdh was promoted by concentrations of carbon 
dioxide in the gaseous phase up to 20—30 %, while it was impeded 
by high concentrations (cf. earlier investigations by Brown 1922- 
on various fungi). 

The carbon dioxide requirements of micro-organisms, in their- 
growth processes were demonstrated not only in experiments on 
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bacteria and moulds, yeasts and other fungi, but also in tests on 
protozoa. Thus Eahn (1941), in his experiments in hanging drops, 
reported that the protozoa Polyslomella and Astasia did not re- 
produce if carbon dioxide ws removed by addition of potassium 
hydroxide to the water on the bottom of the moist chamber. 


B. Carbon Dioxide Fixation and Reduction in Autotrophic 
and Heterotrophic Cells. 

Investigations performed in recent years have contributed 
essentially to the understanding of the carbon dioxide require- 
ments of different organisms. By the use of carbon dioxide mark- 
ed with the radioactive isotope “C (half life = 21 min.) or the 
stable heavy isotope it could be proved that carbon dioxide 
participated in enzymic reactions even within heterotrophic cells. 
Both in micro-organisms and in cells of animal tissue a fixation 
of carbon dioxide takes place, which is followed by an enzymic 
reduction of carbon dioxide. Kluyver (1939) has reviewed the 
earlier literature regarding the part played by carbon dioxide in 
the metabolism of autotrophic and heterotrophic cells. He points 
out that this gas probably plays a general and significant role in 
the processes occurring within all cells. Kluyver concludes his 
review on the effect of carbon dioxide as follows: "AViihrend 
Plinius sie (die Kohlensiiure) bald nach Anfang unserer Zeit- 
rechnung als ’spiritus letalis’ deutete, liegt, angesichts der ans 
Licht getretenen Unentbehrlichkeit dieses Gases fiir alles was lebt, 
vielmehr Grund vor, ihr den Namen zu schenken ’spiritus vitalis’.” 
In a survey entitled “Spiritus Vitalis”, Foster, Carson and 
Ruben (1941) expanded Kluyver’s conception of the general 
importance of carbon dioxide to all cells. Their review was based 
on recent experiences of carbon dioxide metabolism in autotrophs 
and heterotrojihs, obtained with the help of the carbon isotopes 
mentioned above. Further summaries concerning the latest results 
on fixation and reduction of carbon dioxide, especially in hetero- 
trophic cells, have been submitted by Evans (1942), Werkman 
and Wood (1942), and Krebs (1943). In the following discussion, 
it is intended to give a short review of the participation of carbon 
dioxide in the metabolism of autotrophs and especially in that of 
heterotrophs. This account seems to be justified in view of the 
importance of carbon dioxide "assimilation” in the interpretation 
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of the author’s observations regarding the effect of carbon dioxide 
on yeast metabolism. More detailed information may be gained 
from the papers cited above. 


P hotosynthesis. 


It is ■v\'ell known that green plants and autotrophic bacteria are 
able to utilize carbon dioxide in their metabolism as their onl)’ 
source of carbon. These organisms reduce carbon dioxide by 
utilizing either light energy or energy obtained through a chemical 
reaction. Autotrophic cells are characterized as pbotosynthetic or 
chemosynthetic in accordance with the type of energy source 
exploited by them. 

According to van Niel (1931), the photosynthetic processes 
may be generally formulated as follows: 


COo + 2 H„A 


radiant energy 
pbotosynthetic pigment 


(CH 2 O) + 2A + H 2 O, 


where HjA denotes the hydrogen donor. In plant cells containing 
chlorophyll, water serves as a liydrogen donor. This relationship, 
originally suggested by ICluyver and Donker (1926), was later 
proved by Ruben, Randall, Kamen and Hyde (1941), who 
tvorked with Avater containing the heavy oxygen isotope ^®0. 
In the green sulphur bacteria {Thiobacieriales) containing a pig- 
ment similar to plant chlorophyll, hydrogen sulphide acts as a 
hydrogen donor. Thus, instead of oxygen, free sulphur is produced 
which is not further oxidized. In the photosynthetic assimilation 
of carbon dioxide by the purple sulphur bacteria {Thiorhodaceae) 
discovered by Engelmann (1883) and subsequently studied by 
Winogradsky and Molisch, hydrogen sulphide also serves as a 
hydrogen donor. These bacteria, however, also oxidize sulphite, 
thiosulphate, and free sulphur (see, inter alia, van Niel 1931) 
with the simultaneous photoreduction of carbon dioxide. Under 
completely anaerobic conditions, even organic substances and, in 
certain cases, molecular hydrogen may serve as hydrogen donors 
in the purple sulphur bacteria (Roelofsen 1935). 

The non-sulphur purple bacteria {Athiorhodaceae) discovered by 
Molisch (1907) occupy an intermediate position between auto- 
trophic and heterotrophic bacteria. The presence of organic sub- 
stances, such as aliphatic acids, is a condition for the photo- 
synthetic reduction of carbon dioxide in these bacteria (van Niel 
1931). In this connection it must be emphasized that the organic 
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compounds may serve as hydrogen donors -without a break-down 
of the carbon chain in the oxidizable substrate taking place 
(Foster 1940). For further details of bacterial photosynthesis 
the reader is referred to van Niel’s (1941) comprehensive 
revie-w. 

In recent years, the application of tracer carbon has extended 
our knowledge of the photosynthetic processes. Experiments by 
Euben, Kamen, Hassid and De Vault (1939), followed by a series 
of investigations by Euben and his co-workers (cf. Euben and 
Kamen 1940 a), have shown that the photosynthetic reduction of 
carbon dioxide in green plants is preceded by a fixation of carbon 
dioxide in the cell with the formation of a carboxyl group (cf. 
Smith and Cowie 1941). This reaction is reversible and occurs at 
the same rate in the dark and in the light; it was denoted as “the 
dark reaction” and may pro-visionally be written as follows; 

EH -f CO, ECOOH, 

where EH probably represents a reduced enzyme or a prosthetic 
group containing an aldehyde group. According to measurements 
performed up to the present (with CJihrellu pyrenoidosa), the in- 
termediate product (ECOOH) has a molecular weight of about 
1 000. According to Euben’s (1943) hypothesis, EH is first phos- 
phorylated by an energy-rich phosphate donor as, for example, 
adenosine triphosphate (cf. Lipimann 1941 and Kalckar 1942). 
Subsequently, carbon dioxide is fixed, while phosphate is split off. 
Assuming the' carbon dioxide to be fixed to an aldehyde group, 
the compoimd produced may be "written as E • CO * COOH. This 
is reduced enzymically to E * CHOH • COOH which, probably after 
further phosphorylation, may be reduced to E*CHOH*CHO. 
Through another cycle of phosphorylation, carboxylation, and 
reduction, it should be possible to repeat the reaction. The photo- 
chemical reaction is assumed to be responsible only for the pro- 
duction of special hydrogen donors originating in the photodecom- 
position of water (van Niel 1941). 

It should be emphasized here that the above-mentioned dark 
reaction of photosynthesis is of fundamental interest, since a 
similar fixation of carbon dioxide by carboxylation seems also to 
occur in chemo-autotrophic and heterotrophic cells. The ability 
of photosynthetic cells to bind and to reduce carbon dioxide may 
presumably be considered a special case of a generally occurring 
biological fixation and reduction of carbon dioxide. In non- 
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photosyhtlietic cells, the energy necessary for the rednction origin- 
ates exclusively in the oxidation of different organic and inorganic 
substances. 


Carbon Dioxide Assimiiation in. Chemo-antotrophic Bacteria. 

The utilization of carbon dioxide as the sole source of carbon 
in metabolism, even in the absence of light, has been knovra for 
very long. Bacteria of a chemo-autotrophic character were first 
described by Hereaxjs (1886), who studied certain nitrifying, soil 
bacteria. He assumed that these bacteria were capable of synthe- 
sizing their cell material from inorganic salts and carbon dioxide. 
A series of investigations performed during the following years, 
primarily by Winogradsky, confirmed Hereaus’ observations 
and showed that, in the presence of carbon dioxide, colourless 
sulphur bacteria and thread-formed iron bacteria were also able 
to grow in exclusively inorganic media in the dark and under 
aerobic conditions. The energy indispensable for the reduction of 
carbon dioxide in these chemo-autotrophic cells was found to 
originate in the oxidation of single inorganic compounds. As 
examples, mention may be made of the oxidation in nitrifjdng 
bacteria of ammonia to nitrite (Nitrosomonas) and of nitrite to 
nitrate (Niirobacter) and, finally, of the oxidation in colourless 
sulphur bacteria of hydrogen sulphide to free sulphur {Beggiatoa) 
and of free sulphur to sulphate {Thidbacillus thio-oxidans). Didymo- 
helix and CrenotJirix oxidize ferrous and manganous compounds 
respectively. Binther examples are the oxidation of molecular 
hydrogen by Carhaxydomonas oligocarhophilia and that of methane 
by Metlianomonas meilianica with the simultaneous reduction of 
carbon dioxide. Vogler (1942) has studied more thoroughly the 
fixation of carbon dioxide in the dark by Thiobacillus. He has 
shown that carbon dioxide can be fixed under aerobic and an- 
aerobic conditions and that the presence of sulphur does not in- 
fluence the somewhat limited carbon dioxide fixation obtained 
under anaerobic conditions. 

Methane Fei'mentation. 

As early as in the beginning of this century, it was observed 
that, in certain obligate anaerobic bacteria, carbon dioxide was 
reduced in the dark. It was not possible, however, to relate this 
phenomenon with a simultaneous oxidation of inorganic com- 
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pounds, as may be done in tbe case of tbe previously mentioned 
chemo-autotropbic bacteria. Experiments performed, inter alia 
by Hoppe-Seyleb, Omelianski, and Sohngen on metbane- 
fermenting bacteria showed that different organic compounds 
could be converted in sucb a way that carbon was converted al- 
most quantitatively into carbon dioxide and methane (cf. Sohngen 
1906). VAN Niel (cited in Babkeb 1936 a) assumed that, in tbe 
fermentation of methane, tbe organic substrate acted as a hydro- 
gen donor in tbe hydrogenation of simultaneously present carbon 
dioxide. This theory was later completely confirmed, chiefly by 
B.arkek’s investigations (1936 a, 1936 b, 1941). For the general 
course of methane fermeotation this worker (1936 a) suggested 
the following scheme: 

4 HjA -}- COj — > 4 A + CH 4 -I- 2 H^O. 

H 2 A represents an oxidizable organic compound serving as hy- 
drogen donor. Thus, in the presence ofcarbon dioxide, primary and 
secondary aliphatic alcohols are oxidized to the corresponding 
fatty acids and ketones by Meihanobacierium OmeUanskii. Acetic 
acid may possibly be further oxidized to carbon dioxide by 
Methanosarcina methanica according to the equation 

CH 3 COOH + CO 2 — > 2 COo -f CH 4 

(Babkeb, Kuben and Kamen 1940). 

Babkeb (1941), applying the tracer method, showed that in the 
first mentioned bacteria the carbon from ethanol and carbon 
dioxide was to a certain extent incorporated ^vith the cell material. 
Although methane bacteria reduce the greater part of the carbon 
dioxide to methane, examples exist of its fixation by and in- 
corporation with the constituents of these cells. According to the 
observations mentioned above, the fermentation of methane may 
be interpreted as a reduction of carbonate, in analogy with the 
well-known bacterial processes resulting in the reduction of 
sulphate and nitrate to hydrogen sulphide and ammonia respect- 
ively (cf. Babkeb 1936 a). The mechanism of the reduction of 
carbon dioxide to methane, however, is still unknown. According 
to Babkeb’s (1941) investigations, the intermediate product is 
presumably not formic acid (cf. Stephenson and Stickland 1933). 
Formate can replace neither ethanol as a hydrogen donor nor 
carbon dioxide as a hydrogen acceptor. 
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Miscellaneous Fixation Reactions. 

The formation of formic acid by the reduction of carbon dioxide 
with molecular hydrogen was shown in experiments by Woods 
(1936) on Escherichia coU. Earlier, Stephenson and Stickland 
(1932) and Yddkin (1932) described an adaptive enzyme, formic 
hydrogen-lyase, in, inter alia, E. coH and Eaci. lactis aerogenes, by 
which formic acid was split into carbon dioxide and hydrogen. 
Experiments by Woods indicated that this reaction was reversible 
and resulted in the formation of formic acid from CO 2 -f- H 2 . 

As far as is knoAvn at present, both formic acid and methane 
are metabolic end products which should not be regarded as 
“assimilation products”, since they do not lead to an incorpora- 
tion of carbon with the cell structure. Consequently also the parti- 
cipation of carbon dioxide in the formation of urea should not be 
considered an assimilation process. According to the deductions 
of Krebs and Henseleit (1932), later confirmed by Rittenberg 
and Waelsch (1940) and by Evans and Slotin (1940 b), who 
worked with the carbon isotopes ^®C and ^^C respectively, carbon 
dioxide and ammonia in the liver are bound to ornithine to form 
citrulline which, together with ammonia, yields arginine. This 
compound is subsequently broken down by arginase into urea 
and ornithine. Carbon dioxide, however, may be of direct im- 
portance in the synthesis of creatine, as in arginine the guanidino 
group, originating from a fixation of carbon dioxide, is . converted 
together with glycine to glucocyamine. This latter may be sup- 
posed to be an intermediate product in the synthesis of creatine 
^see Krebs 1943). 

In 1936 and 1940, Wieringa (cited in Werkman and Wood 
1942) demonstrated the participation of carbon dioxide also in 
the formation of acetic acid. In experiments with an anaerobic 
spore-forming bacterium belonging to the Clostridium group 
{Clostridium aceticum) a formation of acetic acid was obtained 
fjom 2 COo 4 Ho. By virtue of its ability to live on an inorganic 
ihedium in the presence of only traces of some unknown organic 
substance — presumably of coenzymic character — the said bac- 
terium occupies an intermediate position between the chemo- 
autotrophic and the heterotrophic organisms. Barker, Ruben 
and Beck (1940) worked experimentally on the Cl. acidi urici 
isolated by Barker, which exhibits a more clearly heterotrophic 
character than CL aceticum, a fact which appears in its capacity 
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to reduce carbon dioxide under anaerobic conditions during tbe 
oxidation of uric acid and other purines. This species also formed 
acetic acid, which proved to contain carbon dioxide-carbon (“C) 
in both the methyl and the carboxyl groups. The mechanism of 
coupling two carbon dioxide molecules to acetic acid, however 
is still quite unknown. It may be mentioned here that Slade^ 
Wood, Nier, Hemingway and Werkman (1912), in experiments 
with Cl. tcelcJm, observed a formation of acetic acid. In this case 
the acetic acid contained carbon dioxide-carbon in the carboxyl 
group only. Here noetic acid seems to occur by the cleavage of a 
primarily formed C^-dicarboxylic acid. Furthermore, Barker 
(1944) has shown that, in the anaerobic metabolism of glucose 
and xylose by Cl. ihermo-aceticuin, apart from the cell material 
and traces of carbon dioxide, only acetic acid is formed. Esti- 
mations of the amount of acetic acid formed during the metabolism 
of the said substrate, and of carbon dioxide formed during the 
turnover of pyruvic acid, indicate that in this bacterium also car- 
bon .dioxide is converted into acetic acid. 

Carboxylation of Pyruvic Acid. Formation of Dicarboxylic 

Acids and Related Compounds. 

Investigations of Micro-organmns. 

In the introduction to this chapter, some observations were 
discussed regarding the inhibition of the growtli of different 
micro-organisms following the removal of carbon dioxide from 
their environment. These observations indicate that carbon 
dioxide participates actively in the metabolism proper even within 
the strictly heterotrophic cells. Powerful support for such an in- 
terpretation was given by Wood and Werkman (1935, 1936), who 
observed that in the fermentation of glycerol with propionic acid 
bacteria the end products, chiefly propionic acid and succinic acid, 
contained more carbon than corresponded to the added glycerol. 
The organically bound carbon excess, however, could be related 
to a loss of calcium carbonate which had been added in order to 
neutralize the acids formed. Further investigations (Wood and 
Werkman 1938) showed that, in the fermentation of glycerol, 
the carbonate consumed (or COz) was equivalent to the amount 
of succinic acid formed. (In the absence of carbon dioxide, how- 
ever, no succinic acid was formed.) These workers assumed that 
succinic acid was formed, via oxaloacetic acid, by a fixation of 
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carbon dioxide to pyruvic acid, the occurrence of which in the 
fermentation of propionic acid had been earlier demonstrated; 

COs + CHs-CO • COOH COOH • CH^ • CO • COOH . 

A direct proof of carbon dioxide fixation during the formation 
of succinic acid in propionic acid bacteria was given later by 
Carson and Euben (1940) and by Wood, Webkman, Hemingway 
and Nieb (1940, 1941 a, 1941 b). The latter, using the tracer 
method, observed that in succinic acid the carbon dioxide-carbon 
added was recovered in the carboxyl-carbon. Labelled carbon 
dioxide was also shown in the propionic acid formed. (Possible 
explanations of these reactions were discussed by Krebs (1943) 
to whom the reader is referred for further details.) A formation 
of the very instable oxaloacetic acid in the initial reaction, as as- 
sumed by Wood and Werkman, could not be detected. However, 
Krebs and Eggleston’s (1940, 1941) investigations on other 
material with regard to the metabolism of pyruvic acid lend 
strong support to the existence of this reaction (cf. below). 

The active participation of carbon dioxide in the formation of 
succinic acid in heterotrophic cells other than propionic acid 
bacteria was indicated by an observation of Blsden (1938). This 
author found that the rate at which succinic acid was formed by 
Escherichia coli was proportional to the carbon dioxide pressure. 
Eurther investigations with labelled carbon have shown that in 
all cells investigated, i. e. both in micro-organisms and in animal 
cells, carbon dioxide can be fixed by and incorporated with or- 
ganic material within the cell. Edben and Kamen (1940 b) found 
that small amounts of carbon dioxide were bound in the dark by 
E. coli, yeast, minced plant (barley) roots, minced rat liver tissue, 
and Chlorella cells. It was later confirmed that carbon dioxide 
was also fixed by filamentous fungi, Lebedew juice from yeast, 
Acetobacler suboxydans, and Staphylococcus faecalis (Euben, Cab- 
son, Kamen and Poster, unpublished; cf. Poster, Carson and 
Euben 1941), 

Kleinzeller’s (1941) experiments on yeast revealed that, if 
glucose was metabolized in the presence of carbon dioxide and 
sodium bicarbonate, both under aerobic and anaerobic conditions, 
succinic acid was formed. It was not, however, obtained either in 
the absence of carbon dioxide or sodium bicarbonate or during 
the ^owth of the yeast. Tn the presence of glucose, the yield of 
succinic acid was clearly increased when oxaloacetate, malate or 
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aspartate was added. Witt additional evidence from Elsden 
Buben and their co-workers’ observations and from Krebs and 
Eggleston’s (1940) investigations in the metabolism of pyruvic 
acid in animal tissue, Kleinzeller assumed that in yeast also 
succinic acid was formed from oxaloacetic acid arising from the 
carboi^lation of pyruvic acid. 

This hypothesis in its more general application was further sup- 
ported by the es^eriments of Wood, Werkman, Hemingway and 
Bier (1941 a, 1941 b), Nishina, Endo and Nakayama (1941, 
cited in Werkman and Wood 1942), and Slade, Wood, Nier, 
Hemingway and Werkman (1942) who all applied the tracer 
method. These investigators showed that during the metabolism 
of glucose or, in certain cases, pyruvic acid or citric acid, carbon 
dioxide was assimilated in different micro-organisms. In all cases, 
labelled carbon dioxide was recovered in, tnfer alia, the succinic 
acid formed (experiments on Propionibacterium pentosaceum, 
Escherichia coli, Aerohacler indologenes, Streptococcus “paraciiro^ 
vorus”, Proteus mlgaris, and Staphylococcus candidus). Isotopic 
carbon was also observed in lactic acid from these organisms, 
except for the two first-named (see review in Krebs 1943). More- 
over, Nishina and co-workers studied the fermentation of pyruvic 
acid in E. coli in the presence of labelled carbon dioxide; they re- 
covered the labelled carbon in the malic and the fumaric acids 
formed. This observation commands special interest, since these 
acids were earlier assumed to be the intermediate products in the 
formation of succinic acid from the hypothetical oxaloacetic acid 
in Propionibacterium and also in Staphylococcus (the latter studied 
by Sjmyth 1940). 

In experiments on moulds, Foster, Carson, Buben and Kamen 
(1941), usiug “0 as a tracer, found that when they cultivated 
Rhizopus nigricans in a glucose solution in the presence of carbon 
dioxide, both xmder aerobic and anaerobic conditions, fumaric 
acid was formed which contained labelled carbon dioxide-carbon 
in the carboxyl groups. Even in the acid-insoluble cell material 
(probably protein), was recovered. Experiments on the meta- 
bolism of glucose in Aspergillus niger yielded citric acid which 
also contained the tracer carbon in the carboxyl groups. For pur- 
poses of comparison with probable reactions during the fixation 
of carbon dioxide in certain animal cells (cf. below), it may be 
noted that Krebs (1943) proposed and discussed the following 
equation for the synthesis of citric acid in moulds: 
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Glucose — ► fumaric acid oxaloacetic acid 

+ ncctlc acid In tbe form of acetyl pho«phnte acid. 

A fixation of carbon dioxide has also been demonstrated in 
protozoa. Thus, Searle and Reiner (1940, 1941) showed that 
under anaerobic conditions Trypanosoma leioisii forms succinic 
acid, lactic acid, pyruvic acid, and acetic acid during the fer- 
mentation of glucose. This reaction occurs, however, only if the 
medium contains bicarbonate. Just as in the case of propionic 
acid bacteria, carbon dioxide is here assimilated in an amount 
equivalent to the succinic acid formed. Under aerobic conditions 
succinate is formed, but no carbon dioxide is consumed. When 
glycerol is used as substrate, no succinate is formed. Rurthermoxe, 
VAN Kiel, Thomas, Rhben and Kamen (1942), with the aid 
of as a tracer, found that Tetrahymena geleii (holotrichous 
ciliate) under anaerobic fermentation of sugar forms, inter alia, 
succinic acid containing “C in the carboxyl groups. 


Imesdgations of Animal Cells. 

The assimilation of small amounts of carbon dioxide in animal 
cells was reported by Ruben and Kamen (1940 b) in their pre- 
viously mentioned observation that labelled carbon dioxide was 
fixed by minced rat liver. Experiments performed by Krebs and 
Eggleston (1940), Evans and Slotin (1940 a, 1941) and Wood, 
Werkman, Hemingway and Nier (1941 c, 1942) made it clear 
that the role of carbon dioxide in liver metabolism was asso- 
ciated with the oxidative dissimilation of p3o:uvic acid, taking 
place according to the modified ‘/citric acid cycle” (also denoted 
as the tricarboxylic acid cycle). The probable course of this re- 
action is illustrated in Eig. 1, which represents a preliminary 
scheme taken from the paper of Werkman and Wood (1942). In 
muscle tissue, malonate checks the oxidation of succinate to 
fumarate, and thus the formation of oxaloacetate derived from 
these acids; pyruvic acid reacts with the latter when coupled into 
the cycle. In contrast to this behaviour, it was found that in liver, 
despite the addition of malonate, an oxidation of pyruvic acid 
took place. This may "be explained by the fact that, in the liver, 
a formation of oxaloacetic acid may also occur by the fixation 
of carbon dioxide to pyruvic acid. 
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Fig'. 1. Dissimilation of pyruvate by pigeon liver (from Werkma^i ami 

Wood 1942). 


Applying “C as tracer carbon, Evans and Slotin snowed that 
during the metabolism of p}Truvic acid in pigeon liver, carbon 
dioxide was fixed and was recovered, inter alia, in the a-keto- 
glutaric acid formed. The labelled carbon atom was fixed to the 
carboxyl group adjacent to the a-keto group. Further experi- 
ments revealed that the radioactive carbon was probably also 
bound to the carboxyl groups in a-amino acids. Moreover, in ex- 
periments with pigeon liver, Wood and co-workers observed that 
in the presence of pyruvic acid and carbon dioxide (labelled ^vith 
“C) carbon dioxide-carbon could be recovered from fumaric, 
malic and succinic acids and, in smaller quantities, from lactic acid. 
Here, also the fixed carbon atom was detected in the carboxyl 
groups of all acids. 

The occurrence of lactic acid containing isotopic carbon in the 
liver and in certain hetero trophic bacteria (cf. above) caU pre- 
sumably be explained by the assumption that enol-oxaloacetic 
acid is first formed in which the hydrogen and hydroxyl in the 
a and positions change places according to the following equa- 
tion: 

CO 2 -f CH 3 • CO • COOH — ^ COOH • CH : COH • COOH 

COOH • COH ; CH • COOH — - COOH • CO • CH 3 -}- CO,. 

Decarboxylation yields pyruvic acid which is subsequently re- 
duced to lactic acid. This latter contains labelled carbon dioxide- 
carbon. in the carboxyl groups. 

In their investigations of starving rats, Solomon, Vennesland, 
Klemperer, Buchanan and Hastings (1941) have proved that 



26 


knut m. beandt. 


labelled carbon dioxide is found in tbe liver glycogen if radio- 
active sodium bicarbonate is injected and lactate is simultane- 
ously administered by stomach tube. In this reaction, lactic acid 
is possibly oxidized to pyruvic acid which, together with carbon 
dioxide, yields dicarboxylic acids. It may be assumed that phos- 
pho-enol-oxaloacetic acid is formed by a phosphorylation process 
which probably occurs in coimection with an oxidation of fumarate. 
After decarboxylation, this phosphorylated compound would yield 
phosphopyruvic acid. Subsequently, a resynthesis is conceivable 
via the well-known intermediate products between glycogen and 
phosphopyruvic acid (cf. also Lipmann 1911). At a later date, the 
participation of carbon dioxide in the synthesis of glycogen has 
been demonstrated in experiments on the liver tissue in vitro 
(Vennesland, Solomon, Buchanan and Hastings 1912, and 
Buchanan, Hastings and Nesbett 1942). Experiments with 
tracer carbon have also revealed the participation of carbon 
dioxide in the formation of glycogen within the muscle (Hastings 
and Kistiakowsky 1940, and Lokber, Hemingway and Nier 
1943). 

Investigations in Cell-free Systems. 

In recent years, the investigation of carbon dioxide fixation by 
tracer methods has been extended to the study of cell-free enzyme 
systems. These investigations will probably contribute much to 
the understanding of the still very hypothetical reactions occurring 
in the fixation and reduction of carbon dioxide. Using an enzyme 
preparation from Escherichia coli, Kalnitsky and Werkman 
(1942) succeeded in demonstrating that, under anaerobic condi- 
tions, a fixation of carbon dioxide was obtained in the presence 
of pyruvic acid, one of the products being succinate containing 
labelled carbon (”C) in the carboxyl groups. Krampitz and Werk- 
man (1941), and Krampitz, Wood and Werkman (1943) found a 
cocarboxylase-free enzyme system from Micrococcus lysodeikticus 
which, in the presence of Mg++, decarboxylated oxaloacetic acid 
to pyruvic acid. According to observations in the presence of 
“COj, this enzyme system is probably responsible also for the re- 
versible reaction. These are the first experiments which indicate 
directly that oxaloacetic acid is, as supposed above, the product 
of the fixation of carbon dioxide. 

Evans, Slotin and Vennesland’s (1942) investigations have 
further shown that carbon dioxide is also fixed in cell-ftee extracts 
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of pigeon liver. Both under aerobic and anaerobic conditions, car- 
bon dioxide is fixed in the presence of fumaric and pyruvic acids; 
■ffitb increasing concentration of pyruvic acid an increasing car- 
bon. dioxide consumption has been observed. From further ex- 
periments, Evans, Vennesland and Sloxin (1943) concluded 
that the extracted enzyme system possibly corresponded to that 
obtained by Keampitz and co-vrorkers. These experiments sup- 
ported the view that carbon dioxide was fixed by pyruvic acid 
with the formation of oxaloacetic acid or its derivatives. 

The above observations concerning the fixation and reduction 
of carbon dioxide within the typically heterotrophic cells make it 
clear that, in practically all cases investigated, the carbon dioxide 
may be traced to, inter alia, the carboxyl groups of dicarboxylic 
acids. It is foimd primarily in succinic acid, also in fumaric and 
malic acids and, finally, in animal cells, in a-ketoglutaric acid. 
The supposition that carbon dioxide reacts with pyruvic acid with 
the formation of oxaloacetic acid in most biological materials agrees 
ivell with the occurrence of labelled carbon dioxide-carbon within 
the said dicarboxylic acids. This may also e55)Iain the existence 
of carbon originating from carbon dioxide in lactic acid, pyruvic 
acid and propionic acid. The presence of carbon dioxide-carbon in 
citric acid, glycogen, and certain amino acids may also be very 
reasonably ascribed to reactions with acids derived from oxalo- 
acetic acid in the modified citric acid cycle. The formation of di- 
carboxylic acids from carbon dioxide and pyruvic acid tends to 
favour the view that carbon dioxide is of essential significance in 
oxido-reductive processes. Both in animal cells and in numerous 
micro-organisms, these latter processes occur with the aid of the 
citric acid cycle, or, according to Szent-Gyobgyi’s system, 

oxaloacetic acid malic acid (partly converted into 

— 2H 

fumaric acid), or, in certain cases, 
oxaloacetic acid ~ succinic acid (Annau and co-workers 1935). 

- 4H 

This assumption is strongly supported by the investigations of 
Hes (1938), which show that carbon dioxide probably plays an ex- 
tremely important part in the reducing systems in Escherichia 
coli, Bact. prodigiosum, and the fungi Aspergillus, Saccharomyces 
and Prototheca. Applying the methylene blue reduction method of 
Thunbebg, Hes found that the removal of carbon dioxide from 
the washed cell suspensions inhibited or slowed down the reduc- 
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tion of metiiylene blue, ivHle addition of carbon dioxide catalysed 
this reaction. 

Since, in tbe present work, yeast bas been used as experimental 
material, it is of immediate interest to clear up the question whe- 
ther carbon dioxide plays the same role in the oxido-reductive 
processes of yeast cells during the metabolism. Rockwell and 
Highberger (1927) showed that carbon dioxide was indispens- 
able to the growth of yeast. Ruben and Kajien (1940 b) found a 
fixation of carbon dioxide in yeast. Both Kleinzeller’s (1941) 
observations that carbon dioxide can participate in the formation 
of succinic acid, and BIes^s result that carbon dioxide plays an 
important part in dehydrogenation reactions in yeast support the 
theory that carbon dioxide plays an essential role in oxido-reduc- 
tive processes. This seems to hold true also for yeast cells, espe- 
cially if the observations made in experiments on various other 
materials are considered. 

C. Effect of Carbon Dioxide on Respiration, fermentation 
and Cell Constituents. 

The observations described so far have only concerned the 
effect of carbon dioxide and its necessity for the normal develop- 
ment and growth of micro-organisms, together with the participa- 
tion of carbon dioxide in certain enzymic reactions in autotrophic 
and heterotrophic cells. Apart from these investigations, little 
work has been carried out where the effects of carbon dioxide on 
the metabolism and on certain cell constituents are studied. Such 
work alone provides data regarding the reversible effect of carbon 
dioxide on the respiration and the pH in the objects investigated, 
as well as the different behaviours of carbon dioxide under aerobic 
and anaerobic conditions. The data, w'hich have been obtained 
from experiments on both animal cells and plant material, are of 
special interest in the subsequent discussion, since they agree well 
with and help to elucidate the facts accumulated in the author’s 
own investigations on yeast (Chapters III— V). 

In his experiments on the fertilized sea-urchin egg, Warburg 
(1910) could not detect any difference in the magnitude of the re- 
spiration of these cells when they were kept in air or exposed to 
a carbon dioxide pressure of 15 mm, Hg. Employing an improved 
method. Root (1930) found, however, that the rate of oxygen 
consumption of the. fertilized Arhacia egg was depressed even by 
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very small concentrations of carbon dioxide in the gaseous phase. 
Above 30 mm. Hg, a further increase in the carbon dioxide ten- 
sion (investigated up to 180 mm. Hg) has a relatively slight effect 
on the respiration. In experiments on Paramaeciwn, however, an 
optimum oxygen consumption was reached at a carbon dioxide 
pressure of c. 50 mm. Hg. Laser and Eothschild (1940) report 
that in the manometric determination of the respiration of the 
fertilized Psanwie'cliinvs egg, reduced respiration is obtained if 
carbon dioxide is removed by absorption in potassium hydroxide. 

Recently, Craig and Beecher (1943) found in experiments on 
retina with constant pH in the medium that both respiration and 
glycolysis were almost doubled when the carbon dioxide concen- 
tration was raised from 1 to 5 %. Rurther increase in the carbon 
dioxide concentration from 5 to 20 %, however, considerably 
impeded the respiration without affecting the glycolysis. The 
presence of 20 % carbon dioxide did not depress the metaboKsm 
of cerebral cortex or medulla oblongata. 

Numerous investigators have studied the effect of carbon 
dioxide upon fruits and other vegetables during storage. Moderate 
concentrations of carbon dioxide have proved to favour the pre- 
servation of these goods and to impede the ripening processes in 
different fruits. Concentrations higher than 50 % carbon dioxide 
in the gaseous phase, however, frequently appeared to be in- 
jurious. In connection with investigations of this kind, Thornton 
(1933 a) examined the effect of carbon dioxide on the uptake of 
oxygen by fruits and vegetables. He found that storage in an 
atmosphere of 20 % oxygen and 10 — 30 % carbon dioxide often 
slightly impeded the oxygen consumption which, however, was 
increased by higher concentrations of carbon dioxide (60 — 70 %). 
Furthermore, Thornton (1933 b) showed that exposure to 50 — 
70 % carbon dioxide for 1 — 5 days at 25° C. reduced the hydrogen 
ion concentration of the juice squeezed from the plant tissues. 
Storage of the tissues in air for some days after the treatment 
resulted in the restoration of the pH value to the same level as 
that of the control tissue. In his experiments on potatoes, the 
same author observed that, in the absence of oxygen, the pH 
change of the juices was not displaced to the alkaline side, but 
to that of increasing acidity. 

Hamon (1936) studied the effect of 5 — 30 % carbon dioxide 
in the gaseous phase on the respiration of Hypnum, Psalhota, 
Polyporus, roses, violets, turnips, potatoes, and yeast. He found 



knot m. bbandt. 


30 

that in certain plant tissues carbon dioxide caused an increased 
respiration, vrhile in other tissues a slightly impeding effect 'was 
observed. In all cases, the effect was found to be reversible. In 
the e^eriments on yeast, filter paper covered with a thin layer 
of filtered and washed brewer’s yeast was placed on the bottom 
of the experimental vessel. Under these conditions, the effect of 
carbon dioxide on the respiration of yeast was found to depend 
on the cultivation conditions of the yeast. Yeast from cultures 
gro-wn at 4° C., from which carbon dioxide was not removed 
during ciiltivation, consumed less oxygen in the presence of 
carbon dioxide than in air. The opposite proved to be true when 
the yeast was cultivated at 24° C. and the carbon dioxide was 
removed from the nutrient solution. In comparison with yeast 
cultivated in air, the respiration of yeast cultivated under anaero- 
bic conditions was only very slightly; affected by 5 — 30 % carbon 
dioxide. 

The effect of carbon dioxide on alcohol fermentation in yeast 
is rather insignificant. Only at a carbon dioxide pressure of some 
atmospheres can a slight checking of the fermentation be ob- 
served. Lieske and Hofmann (1929) have shown that fermenta- 
tion at room temperature is not completely inhibited until a car- 
bon dioxide pressure of 38 — 40 atmospheres (corresponding to a 
concentration of carbon dioxide in the nutrient solution of about 
1 mol./l.). It may be mentioned here, on the other hand, that fer- 
mentation was found not to be affected by an oxygen or nitrogen 
pressure of 90 atmospheres. Even at a pressure of 1 000 atmo- 
spheres these gases did not bring about complete inhibition of the 
fermentation. 

Fife and Frampton (1935) have observed that after treatment 
of sugar beet plants for one day in an atmosphere containing 20 
— 60 % carbon dioxide, the pH of the hydraulically expelled juice 
of leaves, petioles and roots was essentially higher than in the 
corresponding parts of plants treated in air. After a short treat- 
ment, pure carbon dioxide caused an insignificant increase in pH; 
after longer treatment, however, the pH value became somewhat 
lower than the initial pH of the juice. Measurements on the juice 
from parts of the plants which had been allowed to recover in air 
for some time revealed that the observed changes in pH were 
largely reversible. It was found, furthermore, that the changes 
took place in the dark just as well as in light; Simultaneously 
with these pH changes, changes in the water-soluble nitrogen 
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fraction ivere observed; thus ammonia was liberated under the 
influence of carbon dioxide. Pipe and Fkampton also showed that 
the increase in pH as a response to carbon dioxide exposure ap- 
pears to be a general tj-pe of response in plants, as ten other spe- 
cies of plants were found to behave in a similar manner. These 
authors supposed that the tissues could maintain their normal pH 
by means other than the buffering capacity of the cell sap, which 
was very low. Pipe and Perguson’s (1941) studies revealed that 
tlie increase in ammonia obtained after treatment with carbon 
dioxide could be accounted for by changes in asparagine and 
glutamine amide-nitrogen. 

I). Cytological Observations of the Eifect of 
Carbon Dioxide. 

It should be noted that numerous cytological investigations 
into various kinds of cells have also proved that moderately high 
carbon dioxide pressures reversibly affect the state and properties 
of the protoplasm. Lopriore (1895), in his experiments on Tra- 
dc^cfintta virgmica, found that the presence of 10 — 20 % carbon 
dioxide in the gaseous phase instantaneously checked, though not 
permanently, the streaming of the protoplasm in the anther fila- 
ments. The same author also investigated the effect of carbon 
dioxide on sporangium formation and the development of spores 
in 3Iucor, the reproduction of yeast, and the growth of pollinic 
tubes in a great number of plants. On the basis of these observa- 
tions, Lopriore suggested, a view supported by some later wor- 
kers, that living plant cells might counteract the disturbing effect 
of carbon dioxide, f. c. accommodate themselves to atmospheres 
with relatively high carbon dioxide content. 

In experiment.s on animal cells the effect of carbon dioxide can 
also be directly observed. Some few examples from this field will 
be mentioned. Clowe-s and Smith (1922), Smith and Clowes 
(1924), and Haywood and Root (1930) showed that slightly in- 
creased carbon dioxide pre.ssurc already checked the cleavage of 
eggs of Arbacia and Asicrias. Haywood (1927) treated newly 
fertilized Arbacia eggs in sea-water for a short time with 30 80 % 
carbon dioxide in the gaseous phase; the eggs were subsequently 
transferred to normal sea-water. After the egg had been treated 
only for 5 minutes, a markedly narcotic effect could already be 
detected; after this treatment, the time before the first cleavage 
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was proloiK^ed. Haywood (1925) showed, furthermore, that small 
concentrations of carbon dioxide impeded the movements of the 
branchial cilia of Mylilus ediiUs, Chase and Glaser (1930) found 
that the effect of small concentrations of carbon dioxide on Para- 
maecwm accelerated the movements of these cells (cf. Eoot’s 
observations on the depressing effect of carbon dioxide on the 
respiration of the Arbacia egg, in contrast to its promoting effect 
on the respiration of PcLTU'niQBciuw at a carbon dioxide pressure 
of less than 50 mm. Hg). 

Jacobs (1922) has studied the effect of carbon dioxide on the 
viscosity of the protoplasm. On centrifuging Paramaecium, Golpi- 
dium, the Arbacia egg, and Spirogyra, and studying the amoeboid 
movements in Amoeba, he found that treatment of the cells for 
a few minutes -with carbon dioxide caused a decrease in viscosity. 
However, the viscosity again increased after continued exposure 
to carbon dioxide. Both effects were reversible, provided that the 
cells were not exposed to carbon dioxide for too long a time. 

Numerous investigations have been made in which the effect 
of carbon dioxide on different experimental objects has been 
compared with that of small amounts of strong mineral acids or 
organic acids. In all cases, the effect of carbon dioxide at the same 
pH in the suspension medium has been found to be essentially’ 
greater and more reversible than that produced by addition of 
other acids. Such results have been obtained by, among others, 
Jacobs (1922), Clowes and Smith (1922), Haywood (1925), and 
Root (1930) (cf. above), as well as by Jacobs (1920 a) who stu- 
died the toxic effect of different acids on toad tadpoles and pro- ’ 
tozoa. Further evidence was procured by the investigations made ' 
by Fraser (1925) on isolated strips of beating rabbit intestine, ’ 
by Smith (1926) on the contraction of turtle heart muscle, by 
Barth (1929) on the coagulation and viscosity of the protoplasm 
in the Arbacia egg and, finally, by Becker (1936), who studied 
the cessation of movements in the hairs of the anther filaments 
of Tradescantia virginica snidi Paramaecium. In this latter work 
naay also be found reviews of a number of papers written in the 
Russian language, which support the view that the effect of car- 
bon dioxide deviates essentially from that of other acids. 

The cause of the comparatively vigorous effect of carbon dioxide 
on living cells has generally been ascribed to the ability of carbon 
dioxide to enter the cells much more rapidly than other acids, 
particularly the highly ionized mineral acids. Even compared to 
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oxygen, nitrogen and other gases, carbon dioxide permeates cells 
much more rapidly. This property may to some extent he due to 
the high solubility of carbon dioxide in lipids. More detailed data 
concerning the permeability of different cells to carbon dioxide, 
different acids and gases may be found in the papers by Keogh 
(1919), Jacobs (1920 b). Smith (1926), Becxek (1936) and in the 
monograph of Brooks and Brooks (1941) on the permeability 
of living cells. 

In interpreting the above observations concerning the effect of 
■carbon dioxide on living cells, it is tempting to suppose that car- 
bon dioxide causes changes in the acidity of the protoplasm and 
thus affects the viscosity and the metabolism. In order to elu- 
cidate this question, Jacobs, Chambers, Pollack, Spek, Becker 
and others have worked on cell material containing either natural 
•indicators such as anthocyanines, or indicators supplied by vital 
staining. In this way, it has been possible approximately to follow 
the changes in pH after treatment of certain experimental ob- 
jects with carbon dioxide or different acids which, in some ex- 
periments, were introduced into the cells by micro-injection. These 
experiments indicate that carbon dioxide, even if it enters the cell 
from a neutral or alkaline solution, frequently causes a decrease 
in pH. The effect of the gas, however, cannot exclusively be 
ascribed to the small changes in acidity of the protoplasm which 
were observed at moderate concentrations of carbon dioxide; it 
must also be due to a more or less direct effect on the protoplasm. 
(Further details on this subject may be found in Becker.) In this 
connection, Thornton’s and Fife and Frampton’s above- 
mentioned observations should be kept in mind. These authors 
pointed out that imder the influence of carbon dioxide the pH of 
plant juice tends in certain cases to increase and not to decrease. 
This result agrees with Lorpiore’s view that the cell is capable 
of counteracting a moderate effect of carbon dioxide; it complies, 
moreover, with the present author’s observations on the effect of 
carbon dioxide on the pH in yeast cells communicated in this 
work (Chapter V), 

It is at present unknown in what way carbon dioxide affects 
the state of the protoplasm and its function, except for its prob- 
able effect on the pH. From their observations concerning the re- 
versible effect of carbon dioxide on the conductivity of electro- 
dialysed proteins, Adolf and Pauli (1924) have gathered that a 
reversible compound is formed of both bicarbonate and hydrogen 
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ions mtli proteins. Even in discussions of the state in which car- 
bon dioxide is present in the cell, it has been assumed by various 
investigators that such a combination might occur. Experiments 
on blood, for example, made it clear that carbon dioxide was not 
only found as the anhydrous form, as undissociated carbonic acid 
and as bicarbonate ions, but also bound to globin as a carbamate 
compound (cf. Eoughton 1935). Carbon dioxide may probably 
be bound to protein in yet another manner (Sidwell, Munch, 
Barron and Hogness 1938). This view has been strongly sup- 
ported by discrepancies found in investigations of the be- 
ha-suour of carbon dioxide in Donnan equilibria and measure- 
ments of Donnan potentials (Adair and Adair 1934, Hen- 
RiQUES 1931, and others) as well as by observations of carbon 
dioxide binding in the blood of certain fishes (Willmer 1934 and 
Ferguson, Horvath and Paprenheimer 1938). For further de- 
tails see Chapter VI. 



CmVPTER II. 


General Methods and Materiais. 

A. Treatment of the Material and Methods of Analysis. 

1. Experimental Details. 

In the present investigations, baker’s yeast (top yeast, Saccha- 
romyces cercvisiac) has-been employed as an experimental material. 
Before use, the yeast was washed by centrifuging from distilled 
water. Since the yeast, in suspensions at room temperature, soon 
exhibits clearly changed physiological features, the times of pre- 
treatment, washing, preparation of the suspensions and their treat- 
ment were kept as constant as possible. After pretreatment of the 
yeast (sec below), the suspensions were generally cooled in cold 
water, centrifuged in ice-cold tubes, and washed with cooled dis- 
tilled water. The yeast was then immediately suspended in a 
succinate-succinic acid buffer. 

In the calculations, the values of all analyses are given per 
gram of wet weight of original baker’s yeast. Details of the change' 
in the initial dry weight of baker’s yeast obtained after its pre- 
treatment and probable errors based on the said calculation meth- 
od are given in Section C of this chapter. 

In view of the varying character of the experiments, their per- 
formance was adapted to the methods used in the analyses. It 
was attempted to attain as comparable and satisfactory gas ex- 
change in the suspensions as possible. In experiments under 
aerobic conditions, the suspensions were shaken in large culture 
flasks with plane bottoms (volume 1.8 litre). When the suspensions 
were treated under anaerobic conditions, similar experiments were 
performed in the Waeburg apparatus, in view of the difficulty in 
rapidly obtaining anaerobic conditions within the culture flasks. 
For this procedure, trough-shaped flasks with one side bulb, but 
without a central tube, were employed. A series of flasks was 
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filled vritli tlie same suspension, substrate and gas mixture. After 
different periods of identical treatment, tbe contents of tlie appa- 
ratuses were fixed and analysed. In order to provide double de- 
terminations, two flasks were taken at each time interval. 

All experiments were performed with shaking of the culture 
flasks or the Warburg apparatuses in the water thermostat at a 


temperature of 25.0° 


+ 0.1° C. 

All saturations with gas were carried 
out at 25° C. while the suspensions 
were shaken in the thermostat. The gas 
mixtures of oxygen, nitrogen and carbon 
dioxide ^were prepared in cylindrical 
gasometers containing 1 litre (graduated 
in 10 ml., accuracy of readings 0.25 %), 
containing a saturated rock-salt solution. 
Both oxygen and carbon dioxide were 
taken from cylinders. The nitrogen used 
contained c. 1 % oxygen. In experiments 
under anaerobic conditions, and in those 
performed with gas mixtmes of low 
oxygen pressure, nitrogen was used 
which had been freed from oxygen by 
leading over copper gauze spirals at 400° 
C. and washing with distilled water. 

For the determinations of the ability to 
bind carbon dioxide in the yeast, carbon dioxide was prepared by 
adding a saturated solution of chemically pure potash dropwise to 
chemically pure 50 % sulphmic acid. The apparatus used for 
these experiments is illustrated in Fig. 2. 

After the flask and separating funnel were filled, they were 
treated through tube “a” for c. 2 hours with carbon dioxide from 
a cylinder. Some litres of carbon dioxide were developed in the 
apparatus before its use as a carbon dioxide source. The carbon 



Fig. 2. 


Apparatus for prepara- 
tion of CO.. 


dioxide obtained was regarded as chemically pure, containing c. 
100 vol. % carbon dioxide. Test experiments carried out with 
carbon dioxide from the apparatus described and from a cylinder 
led to the same result regarding the effect of carbon dioxide on 
yeast. In experiments concerning the effect of carbon dioxide on 
the metabolism of yeast and in some of the determinations of the 
■amount of carbon dioxide bound within the cells, the more con- 
venient and cheaper cylinder carbon dioxide was therefore em- 
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ployed. In view of the considerable solubility of carbon dioxide 
even in saturated rock-salt solution, the solution within the gaso- 
meters was saturated with each gas mixture by shaking at the 
pressure of the gas components in question. This pretreatment 
was always performed 3 to 4 times before the gasometers were 
finally filled. 

In all experiments with Warburg apparatuses, the additions 
were made with Krogh syringes calibrated at room temperature; 
the pipetting errors were less than 0.5 %. 

Besides Krogh syringes, calibrated pipettes were used for 
taking the samples and making dilutions for the analyses. 

2. Succinate-Succinic Acid Buffer (SS Buffer). 

Kollowing a suggestion by Sperber, we have used for some 
years a sodium succinate-succinic acid buffer at pH 5 as a sus- 
pension medium in investigations of the metabolism of yeast (see 
Runnstrom and Sperber 1938 a). In numerous experiments with 
succinate buffer of the said acidity, this was obviously not at- 
tacked by the baker’s yeast used, nor did it prove to poison the 
yeast (cf. Runnstrom, Borei and Sperber 1939). 

For the experiments subsequently described, more detailed data 
concerning the buffer were desirable. The pH values of different 
mixtures of succinic acid and sodium hydroxide, and the changes 
in the pH dmlng dilution of the buffer, were measured. Further- 
more, the changes in the pH during saturation of the buffer with 
gas mixtures of various carbon dioxide contents were examined.. 
FoUowing the practice in previous publications, the succinate- 
succinic acid buffer will henceforth be denoted as SJS buffer. 

As stock solutions, buffers were prepared which were M/5 with, 
respect to succinic acid {pro analysi, )ScHERiNG-KAHiiBAUM)> 
Sodium hydroxide was made from concentrated lye diluted ■with 
COa-free distilled water. The pH was determined with a glass elec- 
trode, using as reference solution a standard solution of phosphate 
buffer, pH 6.50, and a Yeibel solution, pH 2.04. The apparatus 
applied was a valve potentiometer (Radiojieter, Copenhagen). 

Table 1 contains the pH values measured at 19 — 20° C. The 
buffer was prepared firom 11.80 g. succinic acid (=0.1 mol.) -|- 
sodium hvdroxide; the mixture was then diluted "with distilled 
water to 500, 1 000 and 1 500 ml. In this manner, M/5, M/10 
and M/15 Na-SS buffers were obtained. zl pH indicates the dif- 
ference between the pH values of M/5 and M/15 buffer. 
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Table 1. 


Na-SS buffer. pH value measured at 19—20° C. 


Succinic 


Addition of 


pH 

/! pH 
Mjb-MfLb 

acid 



Mjb 

Jlf/10 

Mfib 

11.8 g. 
11.8 g. 
11.8 g. 
11.8 g. 
11.8 g. 
11.8 g. 
11.8 g. 

70.0 ml. 2.668 N NaOH 

60.0 » 2.668 N » 

50.0 » 2.668 N » 

35.0 » 2.668 N » 

20.0 » 2.668 N » 

8.0 » 2.668 N » 

0.0 » 2.668 N » 

5.98 

5.40 

5.05 

4.52 

4.02 

3.49 

2.45 

6.05 

5.45 

5.11 

4.59 

4.07 

3.51 

2.57 

6.08 

5.49 

5.14 

4.61 

4.08 

3.54 

2.66 

O.IO 

0.09 

0.09 

0.09 

0.06 

0.05 

0.21 


Fig. 3 represents tlie curve for Jkf/15 Ka-SS buffer. While the 
difference between the first and the second dissociation constants 
for succinic acid is rather small, the transition from the first to 
the second state of protolysis shows no inflection in the curve. 
This result was confirmed by repeated electrometric titrations of 
succinic acid with sodium hydroxide. 



Fig. 8. pH of Af/15 Na-SS buffer prepared from 11.80 g. (= 0,1 mol.) succinic 
acid + 2.67 N NaOH + H.O to 1 600 ml. 


Fig. 4 illustrates the effect of dilution on pH of the Na-SS buf- 
fer at pH 5.1. 
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Fig. 4. Effect of dilution on pH of Na-SS buffer. 


In tte study of the power of yeast for binding carbon dioxide, 
the effects of potassium and calcium ions were also examined. 
In the majority of experiments, a buffer at about pH 5. 1 was used. 
The sodium ions in this buffer were exchanged for equivalent 
amounts of potasssium and calcium ions. The pH values of these 
SS buffers diverged to some extent from those in the corresponding 
Na-SS buffer. On changing the amoimt of succinic acid added, 
approximately the same values were obtained for the pH of the 
potassium and calcium buffers and the corresponding sodium buf- 
fer. This is illustrated in Table 2. On account of the variation in 
the amount of succinic acid, the concentrations given at the head 
of the table are only approximate. The measurements were per- 
formed at c. 18° C. 


Table 2. 

pH values after exchange of Na ioiis with K and Ca ions 

in the buffers. 


Succinic 

acid 

Addition of 

pH 

Mjo 

MjlQ 

Mflo 

11.80 g. 
11.80 g. 
11.80 g. 
12.20 g. 

11.80 g. 

10.80 g. 

50 ml. 2.CGS N NaOH (0.133 equiv.) 

50 ml 2.072 N KOH (0.133 » ) 

50 ml. 2.700 N KOH (0.135 » ) 

.50 ml. 2.700 iV KOH (0.135 » ) 

6.70 g. CaCOj (puriss.) (0.134 » ) 

6.70 g. CaCO, (puriss.) (0.134 » ) 

5.05 

5.12 

1 

5.11 

5.14 

5.17 

5.09 

4.88 

5.02 

5.14 

5.17 

5.20 

5.13 

4.93 

5.08 


* Ca succinate not sufficiently soluble. 


In the investigations of the metabolic effect of carbon dioxide 
on yeast and in determinations of the capacity of yeast for binding 
carbon dioxide, the suspensions of yeast in the buffer were treated 
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at atmospheric pressure -nitli gas mixtures containing up to 50 % 
carbon dioxide. According to experiments carried out by Malm 
(unpublished) at this Institute, a slight change of the pH in acid 
direction vras obtained in the suspension medium when baker s 
yeast was suspended in non-buffered salt solutions. As consider- 
able amounts of yeast were necessary for the manometric deter- 
mination of bound carbon dioxide, the pH of the buffer was tested 
in the presence of yeast and in an atmosphere containing carbon 
dioxide. The buffer concentrations and the amounts of suspended 
veast used in these experiments correspond approximately to 
those in the determinations of carbon dioxide boimd in yeast. 
(No corrections were made, however, for the change of buffer 
concentration due to the dilution of the buffer with the inter- 
cellular water of the yeast.) In Table 3 are collected the pH values 
measured in yeast suspensions and in the buffer at equilibrium 
with a mixture of carbon dioxide and air. The temperature during 
the measurements was 20° C. A pH denotes the difference be- 
tween the pH measured in air and that in the presence of 50 % 
carbon dioxide in the gaseous phase. 

Table 3. 


pH in yeast supensions and in Na-SS buffer at equilibrium with 
mixtures of GO^ and air. 


31/10 

Na-SS 

buffer 

Distilled 

water 

ml. 

Washed 
baker’s yeast 

g. wot weight 

pH measured when the 
gaseous phase contained 

^ pH 

air — 50 % 
GO, 

ml. 

pH 

air 



5.11 

10 




5,12 

— 0.02 

16 

5.11 

10 

4 


— 

5.12 

— 0.02 

20 

5.45 

10 



5.49 

5.47 

5.4 c 

— 0.03 

16 

5.45 

10 

4 

5.43 

— 

5.41 

— 0.02 

20 

6.05 

10 



6.08 

5.94 

5.84 

— 0.24 

16 

6.05 

10 

4 

6.02 



5.77 

— 0.25 


From Table 3 it is clear that the pH decreases by about 0.06 
units when 4 g. of yeast is suspended in 16 ml. of the two latter 
buffer mixtures. In all suspensions, the concentration of the buf- 
fer becomes 0.059 Af, provided that the intercellular water con- 
tent of the yeast after washing is 32 % of its wet weight (cf. Sec- 
tion C of the present chapter). In the first case, this dilution should 
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cause an increase in tlie pH of c. 0.01 pH units, 'wMch. can be 
neglected. ■\Vlien tbe buffer at pH 6 and tbe yeast suspensions 
in tbis buffer are treated with a gas mixture containing 60 % 
carbon dioxide, the pH decreases by pH unit owing to the 
formation of bicarbonate. In the buffer solutions with lower pH, 
the pH values are decreased only insignificantly when the solu- 
tions are brought into equilibrium with the gas mixtures con- 
taining carbon dioxide. 


3. Methods of Analysis. 

Mnnomctric methods. Determinations of the metabolism of 
yeast under different physiological conditions and of the amounts 
of carbon dioxide bound in the yeast were performed by the 
manometric method of Warburg, modified for the purpose in 
hand. The metabolism of different yeasts under aerobic and 
anaerobic conditions w^as studied in cases where carbon dioxide 
was not added to the gaseous phase, according to the so-called 
direct method. Conical flasks "with a central tube and two side 
bulbs were used in these determinations. The yeast suspension in 
Na-SS buffer at pH 5. 1 was pipetted into the main compartment 
of the vessel, the substrate into the side bulbs. After tilting, the 
volume of the liquid in the main compartment amounted to 2.40 
ml., the final concentration of the SS buffer being c. 0.08 M. At 
pH 5. 1, oxygen consumption and carbon dioxide production could 
be measured in a pair of equal flasks without paying regard to 
the carbon dioxide retention. The oxygen consumption was 
measured directly in the flask where the carbon dioxide evolved 
was absorbed by 0.3 ml. 10 % potassium hydroxide in the central 
tube. In order to increase the absorbing surface, a piece of folded 
filter paper was placed in the potassium hydroxide, protruding 
above the liquid surface. In the corresponding pair of apparatuses, 
the central tube contained 0.30 ml. distilled water, and the changes 
in pressure due to oxygen consumption and carbon dioxide pro- 
duction were measured. If the pressure change due to oxygen con- 
sumption was known from measurements in the preceding appa- 
ratus, the amount of carbon dioxide produced could be calculated. 
The amounts of oxygen and carbon dioxide were calculated as 
usual for 0° and 760 mm. Hg. 

Tor the determination of the endogenous metabolism of yeast, 
in an atmosphere containing carbon dioxide, Warburg s indirect 
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method was applied. This method is based upon the fact that 
when two flasks containing different liquid volumes are used, 
different pressures are obtained owing to the different solubilities 
of oxygen and carbon dioxide in the suspension medium. The 
experiments were carried out in trough-shaped vessels with one 
side bulb, but without a central tube. The suspensions in the two 
flasks contained 100 mg. of washed baker’s yeast in 1.0 ml. M/5 
and 4.0 ml. M/20 Na-SS buffer, pH 5.1, respectively. The rate 
of shaking was 120 complete oscillations per minute. In view of 
the limited accuracy of the method, each experiment was per- 
formed in duplicate with two pairs of determinations in each 
atmosphere, with and without carbon dioxide, and the mean value 
for each pair was calculated. Two flasks, one containing 1.0 and 
the other 4.0 ml. M/10 buffer, which were filled with an atmo- 
sphere corresponding to that in the apparatuses with yeast, served 
as thermo-barometers. The flasks were treated, with shaking, for 
about 25 minutes in the thermostat -with 3 litres of a carbon di- 
oxide mixture for each coupled series of six flasks. The first reading 
was made 10 — 15 minutes after the treatment with gas was ter- 
minated. Control experiments were performed in air. When the 
measurements were begun, the yeast had thus been shaken in 
air or in an atmosphere containing carbon dioxide for about 40 
minutes. In the calculation of oxygen consumed and carbon 
dioxide developed, the following values for the absorption coeffi- 
cients of the gases were employed: = 0.028 and Ocoj = 

0.757, which are the values for water. In checking the calculations 
of the experimental results, other values were used (cf. Chapter 
IV), viz. for M/5 buffer ocJ =0.747, and for M/20 buffer 

25 * * * 

= The oxygen and carbon dioxide values calculated 

by means of the later Ocoj values, however, do not deviate 
essentially from the earlier ones. For a more detailed description 
of the manometric methods and the calculations, see Dickens 
(1940) and Dixon (1943). 

The manometric determination of the amount of acid-labile 
bound carbon dioxide in yeast is described in Chapter IV in re- 
lation to experiments aimed at the improvement of this method. 

Phosphate. When phosphate was determined in yeast, the sus- 
pensions were fixed with trichloroacetic acid in such a way as 
to give a final concentration of 4 %. The total amount of 
phosphate was obtained after burning an aliquot part of the sus- 
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pension in special Kjeldahl flasks •witk long necks of 25 ml. 
volume. The combustions were performed vdth 0.30 ml. con- 
centrated sulphuric acid {p. a.) after addition of perhydrol 
(hlEBCK). The heating was carried out in an electric stove. After 
complete combustion, the contents of each flask were diluted 
with 5 ml. distilled water and boiled in order to destroy any pyro- 
phosphate formed. 

The suspensions fixed with trichloroacetic acid were centrifuged 
after 45 minutes at room temperature. “Free acid-soluble phos- 
phate'' was determined in the clear liquid. The total amount of 
phosphate in the extract was burnt, as described above. The dif- 
ference between the value thus estimated and that for free phos- 
phate is denoted as “hound acid-soluble phosphate". Hydrolysis 
experiments were performed in normal sulphuric acid at 100° C. 
The phosphate estimations were performed in double samples by 
Brigg’s (1924) colorimetric method. The extinction was measured 
in the Pulprich step-photometer (red filter S 72) after exactly 60 
minutes. (For details concerning the development of the colour 
as a function of time, see Borei 1943.) The analyses are corrected 
in respect of probable absorption by means of blanks containing 
buffer, trichloroacetic acid and sulphuric acid, and are always 
expressed in terms of phosphorus. 

Nitrogen. Determinations of the total content of nitrogen in 
yeast and the amount of “acid-soluble nitrogen" were made after 
combustion of suspensions fixed with trichloroacetic acid and of 
centrifuged extract, respectively, obtained in the same way as 
described for the phosphorus estimations. The combustions were 
performed after addition of 0.60 ml. concentrated sulphuric acid. 
Instead of perhydrol, potassium persulphate was used (N-free,* 
p. a.), which proved to be better suited to the combustions in the 
presence of the relatively small amounts of sulphuric acid used. 
The amount of “ammonia nitrogen" in yeast was determined by 
distilling both the fixed suspension and the centrifuged extract. 
“Amide-nitrogen" was found by distillation after hydrolysis of 
fixed suspensions in normal sulphuric acid for 4 hours at 100 C. 
In the determinations of the uptake of ammonia nitrogen by yeast 
during the turnover of glucose in the presence of ammonium 
chloride, the metabolic processes in the suspensions were inter- 
rupted by rapid cooling and centrifuging in ice-cold tubes, where- 
upon the remaining ammonia was determined in the suspension 
medium. 
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All distillations -were performed in vacuo, applying the modified 
Pabkas-Wagner apparatus with ground joints according to 
Teorell (1932) (cf. Paenas and Heller 1924). The samples from 
the combustions were made alkaline by means of sodium hydro- 
xide in the distillation apparatus. Distillations of fixed suspen- 
sionSj extra ctSj hydrolysates or suspension media for the deter- 
mination of ammonia were carried out at pH 9. 2 after neutraliza- 
tion -snth hydroxide and addition of borate buffer (Parnas and 
Heller 1924). In all cases, the receiver contained hydrochloric 
acid. Total nitrogen was determined by titration of the hydrochloric 
acid with C02-free NflQO sodium hydroxide and using the Tashiro 
indicator according to Conway and Byrne (1933). Acid-soluble 
nitrogen and ammonia nitrogen were determined by nessleriza- 
tion, i. e. 12 — 15 ml. were distilled over and the distillate was 
made up to 20 ml. with permutite-treated distilled water. 2 ml. 
of Nessler’s reagent was then added (see Peters and van Slyke 
1932). The extinction was determined in a Lange photoelectric 
colorimeter with a blue filter. Just as in the phosphate estima- 
tions, a standard curve was always constructed simultaneously 
with each series of estimations. The values obtained in the nitro- 
gen determinations generally represent the mean values of analy- 
ses performed on three parallel samples measured against a dis- 
tilled blank. 

Alcohol. Estimations of alcohol produced during fermentation 
were performed according to Ebiedemann and Klaas (1936). 

Glucose. In the determinations of the consumption of glucose 
in suspensions of yeast metabolizing glucose in the presence and 
absence of ammonium chloride, the uptake of glucose was inter- 
rupted at different intervals. A 1.0 ml. sample was taken from 
the suspension by means of a Krogh syringe and directly ejected 
into a centrifuge tube containing 10.0 ml. ice-cold distilled water. 
After shaking, the mixture was centrifuged immediately. Part of 
the clear liquid was pipetted off and was allowed to attain room 
temperature. The glucose was then determined in aliquot parts 
of the solution. When not otherwise stated, glucose estimations 
were performed by the colorimetric semi-micro method of Bene- 
dict (1931). The extinction was measured in the step-photometer 
(red filter S 72). In certain other experiments, glucose was deter- 
mined by the method of Willstatter and Schudel (1918), mo- 
dified according to Goebel (1927). 
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.PjTUYic acid. The uptake of pyruvic acid by yeast was also 
determined, as described above, by analysing the suspension me- 
dium after centrifuging off , the yeast. 5.0 ml. suspension was 
ejected into 5.0 ml. ice-cold water and centrifuged immediately. 
The clear liquid was analysed for pyruvic acid by addition of 
ceric sulphate solution and back-titration with NjlOO ferrous sul- 
phate according to the method of T'romageot and Desnuelle 
(1935). Erioglaucin A served as indicator (see Kolthopp and 
i\lEN2EL 1931 and Runnstrom and Sperber1941). Before, pre- 
paring the solutions of the pyruvic acid (Merck) used, the acid 
was redistilled several times in vacuo. 


Growth. In growth determinations, yeast was cultivated in’ a 
nutritive solution of non-hopped wort -f Williams (1920) solu- 
tion containing 1 % glucose in a 1 : 8 mixture. By this procedure, 
a nutritive solution was obtained containing c. 2 % sugar. Previ- 
ous to mixing with Williams solution, the wort was autoclaved 
and filtered through a Seitz filter. The nutritive solution was 
subsequently also autoclaved. The experiments were performed 
in 450 ml. culture flasks (Fernbach flasks) under shaking at 
25°. C. The composition of the modified AVilliams solution is seen 
in Table 4. 

Table 4. 


Composition of modified WILLIAMS solution containing 1 fi glucose- 


KH.PO, 2.0 g. 

CaCi 0.25 » 

MgSO^ • 7 H.O 0.50 » 

(NH,),SO, 3.0 » 

Glucose 10. 0 » 

Asparagine 1-5 » 


Dissolved in distilled water to 1 000 ml. 


The dry weight of the yeast before and after incubation was 
taken as a measure of the extent of groivtli. After the yeast had 
been sucked off and washed on Jena sintered glass crucibles 1 G 4, 
its dry weight was determined after drying at 105° C. for 20 hours. 


B. Yeasts Employed. 

1. Manufactured Yeasts. 

In the present investigations, baker’s yeast has been employed 
as the primary material. It was received immediately after manu- 
facture from the Swedish Yeast Factory Co. at Eotebro, Stock- 
holm (Svenska Jastfabriks A.B.). 
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The manufacture of baker’s yeast "was carried out by the 
method loioTm as differential fermentation. In this procedure, the 
veast "was cultivated on beet molasses and nutritive salts. The 
cultivation vas performed in a series of consecutive cultures de- 
noted by Z 1—Z 0 . From the ready Z 5 cultivation, baker’s 
yeast vas separated by sucking off on rotating filter drums. The 
so-called mother yeasts obtained from different cultures are de- 
noted by Z 1—Z 4. Because of the treatment during cultivation 
the three first mother yeasts (Z 1—Z 3) assumed a more or less 
anaerobic character. If not other-wise mentioned, the experiments 
were carried out -with the same type of yeast, corresponding to 
type B in the paper of Borei and SJ6D^:N (1943). In agreement 
with these authors’ nomenclature, a type cultivated earlier is 
henceforth denoted by A, which corresponds to the denotation D 
formerly used by Runnstbom and co-workers. 

Baker’s yeast (Z 5). This yeast was cultivated during very 
vigorous aeration. Dry weight 25 — 27 %. Protein content 46 — 
47 % of the dry weight. This type is practically free of other or- 
ganisms, such as other fungi and bacteria. At the end of the cul- 
tivation, the nutritive solution contains a small excess of carbo- 
hydrate relative to the amount of nitrogen source added. The 
gro-wth was therefore terminated and the yeast contained but a 
few buds. In contrast to growing yeast, this completed baker’s 
yeast can be denoted as a ripe or “stationary” yeast. During the 
turnover of glucose by yeast, only weak aerobic fermentation but 
high respiration are obtained. The latter already reaches its 
maximum at low concentrations of glucose. 

Z 1 yeast was manufactured by cultivating the yeast under 
anaerobic conditions and adding molasses and salts simultane- 
ously and in relatively high concentrations. Under these circum- 
stances, the growth processes in the yeast occurred parallel with 
the fermentation processes, causing a rapid formation of alcohol. 
The protein content amounted to c. 50 % of the dry weight of the 
yeast. In contrast -to baker’s yeast, the present yeast, rmder 
aerobic conditions, consumes glucose with vigorous fermentation 
and low respiration (see Runnstbom and Spebbeb 1941). 

Z 2 yeast is the denotation for the type obtained from the fol- 
lowing cultivation. Just as the preceding yeast, it was not cul- 
tivated under continual addition of nutritive solution, but under 
weak aeration. The production of alcohol during propagation was 
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Wgb. Approximately 60 % of tie dry weight (22—23 %) of the 
filtered yeast consisted of protein. This yeast showed very intense 
budding. 

Z 3 yenst is an unripe yeast of about the same protein content 
as the preceding type. During cultivation, the yeast was aerated 
rather weakly, and a relatively high alcohol formation conse- 
quently also occurred during the propagation of this yeast. 

Z 4 yeast is the mother yeast p*receding the final production 
of baker’s yeast. The budding of this t}q)e was not completely 
terminated. The yeast was aerated vigorously and, as in the final 
cultivation of baker’s yeast, no alcohol was formed during cultiva- 
tion. The protein content was c. 50 % of the dry weight. 

Tor information regarding the contents of reserve carbohydrates 
in the different mother yeasts, the reader is referred to Brandt 
(1941 a) and to Section C of the present chapter. 

2. Pi-etrented Baker’s Yeasts. 

By pretreating baker’s yeast as described below, it was intended 
to obtain yeasts changed in a characteristic manner with regard 
to some physiological features. The changes occurring in baker’s 
3’east during pretreatment and the qualities of pretreated yeasts 
are described in greater detail in Section C of this chapter. 

Starred least. 4 g. baker’s yeast -f 120 ml. ilf/15 Na-SS buf- 
fer, pH 5. 1, were shaken under aerobic conditions in large culture 
flasks at 25° C. for 20 — 22 hours. The yeast was subsequently 
washed by centrifuging twice with distilled water. 

Fed Yeast. 4 g. baker’s yeast -4- 96 ml. ilf/5 Na-SS buffer, 
pH 5.1, -f- 80 ml. distilled water 4- 60 ml. 0.14 ilf glucose solu- 
tion (= 1.5 g. glucose) were shaken under aerobic conditions in 
large culture flasks at 25° C. for 2*/. hours. The suspension (240 
ml.) was cooled, centrifuged immediately in ice-cold centrifuge 
tubes and washed by centrifuging three times from cold water. 

Budding' Yeast. 4 g. baker’s yeast 96 ml. Mj5 Na-SS buffer, 
pH 5.1, + 20 ml. distilled water + 60 ml. 0.14 ilf glucose solution 
-f 60 ml. 0.042 ilf ammonium chloride solution (= 135 mg. 
NH4CI) were treated in the manner described for the preceding 
yeast. 

When calculating the initial concentrations in the mixtures 
used in the pretreatment of baker’s yeast for the preparation of 
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fed and budding yeasts, we obtain 1.67 % baker’s yeast (calculated 
from the wet weight), 0.0347 i¥ glucose, 0.0I05 M ammonium 

chloride, and 0.080 M Na-SS buffer. 

The preparation of yeasts pretreated iidth glucose and cysteine 
or in the presence of certain cell poisons is described below, to- 
gether with the experiments on these yeasts. 

Dried Yeast. This yeast was prepared from washed baker’s 
yeast which was pressed in a hand-operated screw press in order 
to remove as much water as possible. The yeast was subsequently 
pressed through a fine-meshed sieve and spread on filter paper or 
stainless steel plates in a very thin la 3 ’’er. It was then dried at 
room temperature in the draught cupboard. The dried yeast con- 
tained c. 8 % water. The yeast was stored in the refrigerator. In 
the calculations, 280 mg. dried yeast is considered to corre- 
spond to 1.0 g. fresh baker’s yeast. 

C. Elfect of Pretreatnient on Yeast. Characteristics of 

Pretreated Yeasts. 

The pretreatments of baker’s yeast described in the preceding 
chapter cause characteristic alterations in the cells and their phy- 
siological properties. Tor an examination of the observations 
described and discussed in the following chapters, it was of great 
value to know the changes, originating from different pretreat- 
ments, in certain plasma components, and the properties of the 
protoplasm probably conditioned thereby, such as alterations in 
the endogenous respiration and the fermentation. Only those sub- 
stances are considered which occur quantitatively in such con- 
centrations that they can be assumed to be of immediate im- 
portance as substrates in the endogenous metabolism or to in- 
fluence the binding of carbon dioxide and the acidity of the pro- 
toplasm. These experiments aim at the elucidation of changes in 
the physiological state of the cells obtained at the transition from 
the so-called “stationary^ state” of baker’s yeast to aerobic carbo- 
hydrate metabolism or to an incipient growth, such as is mani- 
fested by the assimilation of ammonia nitrogen in the presence 
of glucose. Cytological changes were investigated in which the 
appearance of nucleotides in the cytoplasm could be followed. 
Furthermore, the uptake of both glucose and ammonia and the 
resulting changes in the content of reserve carbohydrates, which 
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latter cause some changes in the endogenous metabolism of the 
cells, were studied. Finally, the changes in certain nitrogen-con- 
taining fractions and the effect of pretreatment on the distribution 
of phosphate compounds in the protoplasm -were determined. 

The experiments, on which the data given below are based, 
were performed at different times in the course of several years, 
during which period a certain variation in the physiological pro- 
perties of the yeast was unavoidable. Comparatively small varia- 
tions in the yeast could be observed from one day to another. In 
the investigations that were extended over longer periods or re- 
peated after several months or a j’-ear, however, discrepancies 
were observed in some cases, caused by variations in the manu- 
facture and changes in the raw material as, for example, dif- 
ferences in the quality of the molasses, in the length of its storage 
jieriod, and in the details of the technical procedure. The absolute 
values of the rate of the metabolism or the concentration of 
various constituents of the protoplasm are therefore not always 
quite comparable. The behaviour, de\'iating from that of baker’s 
yeast, observed during or after different pretreatments of this 
material were, however, always investigated in parallel to that 
of the initial yeast. The absolute values given for the concentra- 
tions of certain constituents of the protoplasm should only be 
considered an approximate measure of the proportions of these 
constituents and of the changes caused by the pretreatment. The 
es.sential point was to show the occurrence and the nature of tho 
alterations caused by pretreatment. 


1. Cj'toIogica.I E.vnnxinatioii. 

In investigations of the different types of yeast, the appearance 
of the Ii\dng cells in visible light was continuously checked under 
the micro.scope. The appearance of the protoplasm pro\ddes a 
.suitable basis for checking the normal reaction of the cells to 
different inodes of pretreatment. The knowledge on which the 
conclusions were based was mainly gained by experiments on the 
li^ung cell in ultraviolet light. In collaboration with Caspersson, 
the part played by nucleic acids in the growth of yeast was pri- 
marily studied (Caspebsson and Brandt 1941). 

A. brief review of certain cytological alterations during different 
pretreatments will now bo given. Micro-photographs of living yeast 
cells in culture media were taken with an apparatus constructed 


4—400095 


knot M. BRANDT. 


50 

by Caspersson after the designs of Kohlee (1904) and Kohlee 
and Tobgt (1928). An objective (monochxomat 1.66 mm.) spe- 
ciaUy corrected for the \vave-length 257 m^u. (cadmium electrodes) 
■svas employed. The numerical aperture at this wave-length is 1. 25, 
corresponding to a resolving power more than twice that which 
can be obtained with visible light. For more detailed information 
of the investigations in ultraviolet light, the c 3 diology of baker s 
yeast, and the discussion of the relevant cytological problems, 
the papers of Caspersson and Brandt (1941) and Brandt 
(1941 b) should be consulted. 

Fig. 5 shows a photograph of living cells of ripe baker s yeast 
taken at 257 m/i. The cells, being ellipsoidal or spherical, are of 
rather var 3 dng size. The maximum length of the cells is normally 
8—10 fi. In baker’s yeast only very few budding cells can be 
detected. The hyaloplasm is almost homogeneous and shows a re- 
latively weak absorption. The vacuoles appear clearly, especially 
in bigger cells in which a single large vacuole is usually found. 
Strongly absorbing granules of somewhat irregular form are 
clearly visible; in the hyaloplasm they appear sometimes spread, 
sometimes “aggregated”, and usually adjacent and surrounding 
the vacuole. They are never observed within the vacuoles. The 
granules correspond to IMeyer’s (1904) so-called volutine grains. 
In the literature they are also given the less suitable denotation 
“metachromatic corpuscles” (see Brandt 1941 b). 

In agreement with hlEYER’s conception that volutine is a nucleic 
acid compound, Caspersson and Brandt were able to show by 
absorption measurements in ultraviolet light that these grains 
contained considerable amounts of ribo-nucleotides. As the ab- 
sorption maximum (260 m/i) of these compounds lies almost at 
the wave-length of the light employed here, and since the specific 
extinction coefficient of the nucleotides is very high, the changes 
in the distribution of the nucleotides within the cells appear very 
distinctly at 257 mp,. The volutine grains correspond to the gra- 
nules within the hyaloplasm visible in ordinary light. These 
granules appear clearly because of their great refraction. Since no 
visible fat globules are present in the intact protoplasm, there is 
no risk of confusing volutine grains with these in visible light. 
Consequently, certain observations regarding nucleic acids in the 
ultraviolet can be made in thestudyofliving cells in ordinary light. 

Starvation of the yeast in the manner described above is fol- 
owed by vacuolization of the cytoplasm. As seen in Fig. 6, nu- 



Fig. 5. Baker’s yeast. Living. 
The ultraviolet-absorbing volut- 
ine grains are partly aggregated 
and frequently situated adjacent 
to the vacuolar border. 1 950 x. 
Wave-length 257 m/i. Objective: 
monochromat l.GG mm. cor- 
rected for 257 m/i. 



Fig. 6. Starved yeast. Lh-ing. 
The volutine grains clearly 
heaped together. The proto- 
plasm rather vacuolized. 1 950 x . 
Photo as in Fig. 5. 



Fig. 7. Baker’s yeast shaken 
under aerobic conditions for 
2Ys hours in initially 0.2 % 
glucose solution at 25° C. Living. 
Volutine grains spread over the 
protoplasm. Vacuoles scarcely 
visible. 1 950 x . Photo as in 
Fig. 5. 




Tig. 8. Baker’s yeast cultivated 
for 3Vi hours in nutrient solu- 
tion containing Tvort at 26° G. 
Living. The volutine grains 
partly dissolved. The nucleo- 
tides have begun to spread over 
the strongly absorbing hyalo- 
plasm both in the mother cell 
and the buds formed. Well 
developed vacuoles. 1 950 x . 

Photo as in Big. 5. 


Fig. 9. Vigorously growing 
yeast cells from pure culture in 
nutrient solution containing 
wort. Living. Volutine grains 
dissolved and regularly distrib- 
uted over the strongly absorb- 
ing hyaloplasm. Well developed 
vacuoles. 1 220 x , Photo as in 
Fig. 5. 


Fig. 10. Mother yeast Z 3 
obtained in the propagation of 
commercial baker’s yeast. Liv- 
ing. Volutine grains not quite 
dissolved. Hyaloplasm strongly 
absorbing. 1 950 x . Photo as 
in Fig. 5. 
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merous vacuoles are clearly seen as small bright bubbles. The 
position of tbe volutine grains in starved yeast has also changed 
characteristically. In almost all cells, the volutine grains are as- 
sociated to a compact and strongly absorbing group distinctly 
contrasting with the background of the weakly absorbing hyalo- 
plasm. 

The fed yeast obtained after consumption of glucose under 
aerobic conditions exhibits an opposite behaviour. The vacuoles 
are practically invisible in the cells and the volutiue grains are 
regularly distributed within the hyaloplasm (Kg. 7). 

After consuming glucose in the presence of ammonium chloride, 
the cells have quite a different aspect. Apart from the budding, 
which already begins after some hours, a progressive dissolution 
of the volutine grains is observed; simultaneously, the vacuoles 
become well developed. The interface between the grains and the 
hyaloplasm becomes indistinct and the absorption of the hyalo- 
plasm increases. Kg. 8 shows an example of this, viz. baker’s yeast 
cultivated at 25° C. for hours in Williams’ solution -f 10 % 
wort. During continuous cultivation of the cells an increase is 
obtained by repeated budding. When the grains are completely 
dissolved the hyaloplasm becomes rather homogeneous and 
strongly absorbing. This is illustrated by Kg. 9 which represents 
cells from a pure culture of baker’s yeast. The vacuoles, which 
appear clearly as bright spheres within the cells, absorb only little 
light, thus indicating that the vacuolar fluid contains very little 
nucleotides. The appearance of the so-called budding yeast cor- 
responds rather well to the yeast represented in Fig. 8 or in 
Fig. 10. The volutine grains are still clearly visible, and the 
vacuoles are generally somewhat smaller than is indicated in the 
figures. 

During the investigation in ordinary light of the mother yeasts 
(denoted above as Z 1 — Z 4 yeasts) received directly from the 
factory, it was observed that, despite the considerable prolifera- 
tion of the yeast, the protoplasm contained small, extended, not 
quite dissolved volutine grains. In ultraviolet light, however, the 
hyaloplasm absorbs strongly, thus indicating that even within 
the protoplasm of these types of yeast relatively homogeneously 
distributed nucleotides are abundantly present. Fig. 10 shows the 
appearance of a Z 3 yeast. 

Caspersson’s measurements of the ultraviolet absorption 
spectrum of the protoplasm of baker’s yeast and cells of pure 
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cultures of rapidly gro-vring yeast (Caspeksson and Brandt 1941) 
stovred tliat, as compared with, the amount of protein (estimated 
as tryptophan and tyrosme), growing yeast includes remarkably 
more nucleotides than does baker’s yeast with a stationary meta- 
bolism. Moreover, the amount of nucleic acid in the growing cells 
was observed to be considerably greater than in baker’s yeast. 
The order of magnitude of the nucleotide content in the yeast 
was estimated to be about 1 % of its wet weight. The main part 
of this is ribo-nucleic acids (yeast nucleic acid). Apart from the 
above discussed dissolution of volutine grains during growth, a 
considerable fresh formation of nucleotides thus takes place, 
which presumably is intimately related to the sjmthetic processes 
causing the formation of protein during growth. 

The phenomena associated with the ribo-nucleotides of yeast 
stand in concordance with observations, made primarily by Cas* 
PERSSON and his school, regarding the occurrence of hetero- 
chromatic regions in higher cells of animal origin (see, for ex- 
ample, Caspersson’s review 1941). According to these studies, the 
volutine grains in the yeast can be regarded as equivalent to he- 
terochromatin, while the small FEULGEN-positive elements pre- 
sent in the yeast may be considered the gene-bearing euchro- 
matic chromosome equivalents. During the telophase in more 
highly organized cells, protein of the histone type, of which the 
nucleolus is constituted, occurs in connection with the hetero- 
chromatin. It is possible that an analogous formation of histone- 
like protein in yeast takes place in connection with the volutine 
grains during growth. This view^ is supported by the ultraviolet 
absorption curves for baker’s yeast and growing yeast. The posi- 
tion of the absorption band indicates that the protein, presumably 
of the histone type, probably occurs in a higher concentration in 
or around the volutine grains than in the remaining protoplasm 
(see Caspersson and Brandt 1941). 

[2. Carbohydrate Metabolism. 

In the turnover of glucose by yeast imder the conditions de- 
scribed for the preparation of fed and budding yeasts, part of 
the sugar is stored in the cell as reserve carbohydrates. In baker’s 
yeast, these are present mainly as glycogen and trehalose. It is 
difficult analytically to determine the occurrence and the changes 
of the glycogen content in yeast. The yeast cells contain con- 
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siderable amounts of polysaccharides typical of the yeast, which 
are of a relatively unknown character and which appreciably 
disturb the glycogen analysis. Thus, the yeast contains an alkali- 
resistant mannan (Haworth, Hirst and Isherwood 1937) pre- 
cipitable with copper, which forms a main constituent of the so- 
called yeast gum (cf. Haworth, Heath and Peat 1941). Prom 
the untreated yeast, Zechmeister and Toth (1934, 1936) ex- 
tracted by means of alkali a glucan. This glucan contains the 
unusual 1,3-glucosidic linkage between the glucopyranose units 
in the chain (Preudenberg and Plankenhorn 1938, and Has- 
sid, JosLYN and McCready 1941). Purthermore, Zechmeister 
and Toth (1936) have shown that alcohol extraction of the 
initial material brings about that subsequent treatment of the 
cells with alkali breaks down the glucan. Pinally, Sevag, Cat- 
TANEO and jMaiweg (1935) have isolated from yeast a water- 
soluble polyose having a serological similarity to the capsule 
polysaccharides from Pneumococcus, type II (cf. also White 1938). 

The analytical glycogen values are presumably unreliable even 
if, after alkali treatment, the samples are precipitated with 
Peeling’s solution or if the yeast is extracted with alcohol prior 
to alkali treatment. Earlier methods of glycogen determination 
were modified for yeast by Mayer (1923). This author also pre- 
sents an excellent review of the literature regarding the develop- 
ment of the methods. Attempts by the present author to deter- 
mine the glycogen content of different yeasts by this method have 
not, however, yielded satisfactory results. The values obtained 
are usually much too high. The data in the literature regarding 
the glycogen content of yeast must likewise be suspected to be 
too high. Thus, in an account of the glycogen content of yeast, 
Luers (1929) states that, in a top yeast, the glycogen content 
after the consumption of glucose may amount to 39 % of the 
dry weight of the yeast. 

In the following experiments, the relative quantities of glyco- 
gen in different yeasts were estimated only by treating the cells 
with iodine solution. On such treatment, the glycogen assumes 
a red-brown colour. Stier and Newton (1939) applied the iodine 
reaction as a quantitative measure of the glycogen content in 
yeast. These authors measured photoelectrically at 685 m/4 the 
reflection of the iodine stained cells. AVhen studying the glycogen 
formation in yeast, the present author (Brandt 1941 b) estimated 
visually the occurrence of glycogen by means of microscopical ob 
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servations of the cells stained with iodine. Likewise, Muspeld 
( 1942) has made use of this method in investigating the formation 
of glycogen during the uptake of sugar by yeast. 

After the smeared preparation of the cells had been treated 
with iodine solution (Lugol’s solution) and immersed into a gum 
arabic solution containing iodine, the glycogen was seen in red- 
brown colour against the background of the yellow protoplasm. 
The presence of so-called glycogen vacuoles frequently described 
in early literature could not be observed. They presumably do not 
exist, since they appear neither in visible light, ultraviolet light, 
nor in dark field illumination in living cells which, to judge from 
the iodine reaction, contain large quantities of glycogen. 

After cells of baker’s yeast are stained with iodine, only a 
small amount of glycogen becomes visible. In fed yeast, however, 
the cells exhibit a very strong glycogen reaction. In starved yeast 
no glycogen can be demonstrated. Budding yeast yields a clearly 
positive reaction with iodine. The amount of glycogen in this 
yeast, however, is considerably smaDer than that in fed yeast. 
If during pretreatment of baker’s yeast ammonium chloride is 
replaced by asparagine, which has long been known as an excellent 
nitrogen source for yeast, this growing yeast also shows a lower 
glycogen content than that fed with glucose alone. This holds 
true despite the fact that glucose is present in moderate excess 
during the experiment. An interpretation of these phenomena will 
be found below. These observations were supported by fixing the 
cells with calcium picrate and, after treatment with 4 % chromic 
acid solution, staining the glycogen with fuchsine sulphurous acid 
by the method of Schabadusch (1937). 

Apart from glycogen, the non-reducing disaccharide trehalose 
is the most important reserve carbohydrate of baker’s yeast (cf. 
Koch and Koch 1925, Tanret 1931, Kbuyver and van Roos- 
MALEN 1932, Steiner and Cori 1935, and Myrback 1936). In 
agreement with Myrback, Braijdt (1941 a) observed that 7—9 % 
of the dry weight of Swedish baker’s yeast consisted of trehalose. 

In brewer s yeast, trehalose was only detected in small amounts 
in the form of monophosphoric ester, which is obtained after fer- 
mentation of sugar by this yeast (Robison and Morgan 1928, 
Veibel 1931). 

Despite the fact that baker’s yeast contains large quantities of 
trehalose, this, in contrast to glycogen, is fermented but slowly 
m the intact cell. After the cells are dried, or under the influence 
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of certain cell poisons, a mpre rapid brealc-down of tlie cellular 
trelialose is observed (Myrback: and Ortenblad 1936, 1937 a 
and b). Supposing that trehalose is present in the cell as reserve 
carbohydrate, the break-do^Yn of which is mainly associated with 
processes other than those occurring in the stationary endo- 
genous metabolism of yeast, Brandt (1941 a) has studied the be- 
haviour of trehalose during the growth of yeast. These investiga- 
tions have shown that in yeast suspended in a salt solution, free 
from nitrogen compounds but containing cane-sugar, the latter 
is partly stored as trehalose (cf. also Steiner and Cori). On the 
other hand, in the presence of ammonium sulphate as a nitrogen 
source, the trehalose present in the initial yeast is largely broken 
down. 

Analyses of different mother yeasts proved a deficiency of 
trehalose in the alcohol-forming Z 2 and Z 3 yeasts winch had 
been slightly aerated during cultivation (<0.25 % trehalose of 
the wet weight of the yeast). However, the Z 4 yeast, cultivated 
under strongly aerobic conditions, contained trehalose to some- 
what less than 1 % of the wet weight of the yeast. In baker’s 
yeast (Z 0), which like the preceding yeasts had been strongly 
aerated, a very high trehalose content (c. 2 %) was found. This 
may be attributed to the e.xccss of sugar relative to added nitro- 
gen, which prevailed at the end of the incubation. After heat- 
treatment of the different yeasts at 50° C. for 5, 10, and 15 min- 
utes, the intensity of the endogenous respiration of the trehalose- 
containing yeasts was considerably increased. The analyses re- 
vealed a simultaneous break-doum of part of the trehalose in the 
cells. 

From the above observations it results that trehalose, which is 
slowly broken down during endogenous metabolism of the intact 
cell under aerobic conditions, may serve as an energy source in 
growth processes or in the restitution of any injured cells. The 
break-down of trehalose can be observed, for example, when a 
suspension of dried yeast is shaken under aerobic conditions; the 
majority of the jiroperties of the yeast are then restituted (cf. 
below). A similar break-down can be seen during the experiments 
on heat-treated cells. Growth processes seem to inhibit the storage 
of trehalose. Its formation, however, may probably be dependent 
on simultaneous fermentation and on the degree of ripeness of 
the yeast. No estimations of the trehalose contents in the pre- 
treated yeasts were performed. Nevertheless, it can be regarded 
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as proved that fed yeast contains more and budding yeast less 
trehalose than the initial baker’s yeast. The trehalose content of 
starved yeast is probably somewhat lower than that of baker’s 

veast. 


3. Kespiration and Fevnientation. 

]\Ianometrical measurements of the endogenous respiration and 
fermentation in pretreated yeasts are illustrated in Figs. 11 and 
12. Fig. 11 gives an example of the uptake of oxygen and the 
production of carbon dioxide in air. The value of the respiratory 
quotient (COj/Oa) in the yeasts investigated — ■ with the exception 
of starved yeast — is only slightly below 1, thus indicating that 
the oxidized substrates are carbohydrates (cf. Stieb and Stanxabd 
1936, and Borei 1942). The endogenous respiration of Swedish 
baker’s yeast has been studied in greater detail by Borei. In his 
paper, examples are given of the relatively great variations in the 
respiration intensity of baker’s yeast from different seasons of 
the year. Borei has shown that the respiration occurring over 
the system cytochrome oxidase — cytochrome can be resolved 
into two processes: firstly, a monomolecular, rather rapidly ceas- 
ing respiration, the rate of which depends on the concentration 
of the substrate and, secondly, a respiration occurring at a con- 
stant rate, possibly limited by the concentration of some parti- 
cipating enzyme. These latter investigations Avere performed on 
baker’s yeast of the earlier type A. The magnitude of (^mI- of 
oxygen consumed per hour per mg. of dry weight) is in good 
agreement with the value for the more recently cultivated type B. 
The value of the respiratory quotient of type A, however, derived 
from measurements at pH 5, is somewhat higher than 1. (See 
Borei and Lindwall (1943) who demonstrated that the endo- 
genous, constant respiration was dependent on the pH of the sus- 
pension medium.) 

In Chapter IV are described determinations of the amounts of 
carbon dioxide bound in the different yeasts; the magnitude of 
respiration and fermentation taking place at the time of fixation 
of the yeast with acid corresponds approximately to the meta- 
bolism occurring in the period 30 — 45 minutes in Figs. 11 and 12. 

A comparison of the magnitude of endogenous metabolism 
talcing place in pretreated yeasts under aerobic conditions with 
that in baker’s yeast gives the following results (Fig. 11). When 
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Fijr. 12 . Endogenous anaerobic metabolism of different yeasts. Key as in Fig. 11 . 
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tlie yeast is starved, the monomolecular respiration disappears, 
largely o^\'ing to the consumption of glycogen, -wliile only a very 
small, rather constant respiration remains (cf. curves I and II). 
The value of the respiratory quotient is remarkably high and de- 
creases continuously in the course of the experiment from about 
1.9 to 1.4. Both fed and budding yeasts exhibit considerably in- 
creased respiration intensities (curves III and IV)- According to 
Stier and Stannard (1936), the intensity of the endogenous 
respiration is almost proportional to the glycogen content of the 
cells. In the experiments described above, however, the fed yeast 
contains considerably more glycogen than the budding yeast. In 
spite of this, the respiration intensity of fed yeast, rich in glyco- 
gen, is somewhat lower than that of budding yeast. In the res- 
piration of the latter, apart from glycogen, part of the trehalose 
is also presumably oxidized in connection with growth processes. 

Dried yeast, stored in the refrigerator for 13 months before its 
use, showed rather strong and constant respiration throughout 
the experiment (curve V). For purposes of comparison with the 
values for the other yeasts, the respiration is calculated per gram 
of wet weight. A marked difference is observed if the dried yeast 
is washed twice with water in the centrifuge immediately before 
measurement. The respiration then becomes somewhat lower to- 
wards the end of the experiment (curve VI). This phenomenon 
may be attributed to a markedly increased permeability of the 
yeast after drying, resulting in the migration of numerous com- 
pounds from the cells, such as inorganic phosphate, phosphate 
esters, cozymase, and other nitrogen-containing substances (Nils- 
son and Elander 1941, Brandt 1942 a, and Runnstrom, 
Brandt and Marcuse 1943). Trehalose must presumably be re- 
garded as the main substrate for the considerable endogenous res- 
piration, just as for the relatively high endogenous fermentation 
(cf. Fig. 12). Trehalose is exploited as an energy source for the 
restitution processes tailing place in suspensions of dried yeast. 

In contrast to brewer’s yeast, the cells of baker’s yeast are not 
killed during drying. When dried baker’s yeast is transferred into 
a nutrient solution, the cells begin to develop buds. Frequently, 
however, their cleavage is abnormal. Investigations of the meta- 
bolism of an exogenous substrate by dried yeast shows that the 
respiratory system of dried yeast is markedly inhibited. With in- 
creasing time of storage, a progressive decrease in the respiratory 
power is observed, and aerobic fermentation increasingly domi- 
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Dates tlie respiration, ivJiile the total metabolism of glucose de- 
creases (see Eunnstrom, Brandt and Marcuse 1943). ^^Tien the 
dried cells are shaken under aerobic conditions in water or in 
buffer overnight, the initially liigh permeability of the dried yeast 
decreases. Addition of glucose during pretreatment of the dried 
yeast contributes considerably to the restitution of the normal 
semi-permeability of the cells. A change in the physiological char- 
acter of the dried cells appears most clearly; after shaking under 
aerobic conditions the cells assume more and more the properties 
of fresh baker’s yeast (Runnstrom and Sperber 1938 b, Eunn- 
STROM and Br.andt 1941, Brandt 1942 a, and Eunnstrom, 
Brandt and j\Iarcuse 1943). 

Fig. 12 illustrates the carbon dioxide formation in different 
yeasts measured under anaerobic conditions. Both in baker’s 
yeast and in starved yeast this is extraordinarily small, while in 
the other yeasts endogenous fermentation is clearly observed. Its 
intensity, however, never reaches the high values found in endo- 
genous respiration. Under anaerobic conditions, in contrast to its 
behaviour under aerobic conditions, fed yeast rich in glycogen 
exhibits a fermentation remarkably higher than that of budding 
yeast. 

Investigations of the respiration, aerobic fermentation, and 
glucose uptake during pretreatment of baker’s yeast with glucose 
or glucose -f ammonium chloride are well suited to elucidate the 
above observations regarding the changes in the content of reserve 
carbohydrates in the yeasts. Zeller (1926) has shown that the 
presence of ammonium chloride promotes considerably the turn- 
over of glucose. This evidence has later been confirmed by Smythe 
(1939) who, in experiments performed both under anaerobic con- 
ditions (gaseous phase with carbon dioxide) and in air, found that 
glutamine, asparagine and, to a somewhat smaller extent, ar- 
ginine increased fermentation (see also Kogl and Borg’s (1941) 
studies of the factor Z, discovered by v. Euler, and their review 
of the work in this sphere). Meyerhof and Iwasaki (1930) have 
further demonstrated that the turnover of sugar in low concen- 
tration, in the presence of ammonium chloride, is accompanied 
by an obvious increase in the respiration of the yeast. Using 
Swedish baker’s yeast, Eunnstrom, Brandt and Marcuse (1940) 
have confirmed these observations. In the folloiving description 
of the metabolism of glucose under aerobic conditions, both in the 
presence and absence of ammonium chloride, it is intended to 
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cive a short review of certain characteristic reactions occurring 
in connection with respiration and fermentation during pretreat- 
ment of the yeast. 

Fig. 13 shows the manometrically measured oxygen consuinp- 
tion and carbon dioxide production in baker’s yeast consummg 


8000 


6000 


6 

o 

o 


a 

8" 

<. 

o 


•i.2000 


- 






- 


/ 

✓ 

/ 



*--0-— — — 


/ 

/ 

o' 

/ 

/ 

✓ 

/ 

/ 

/ 

/ 

f 


T*'- 

/ 

TKE-M) 


- 

J.. 

J 


Lin 

Jm-J) 





30 


60 


Min. 


120 


150 


1B0 


Fig:. 18. Respiration and fermentation during aerobic metabolism of glucose with 
and without addition of NH,C1. Initial concentration per sample of 2.4 ml.: 20 mg. 
baker’s yeast, 5.0 mg. glucose, 0.45 mg. NHjCl in 0.08 M Na-SS buffer. 

Summation curves. 

(I) 0--consumption, and (11) COj-formation during metabolism of glucose, 
(in) » 0 (IV) » during metabolism of glucose + 

NH,C1. 

(V) Fermentation-CO. during metabolism of glucose. 

(VI) » t) » » i> NHiCl. 


glucose, with and without addition of ammonium chloride. The 
yeast employed was of the type A. Initial concentration of baker’s 
yeast 0.83 %, glucose 0.0115 31, and ammonium chloride 0.0035 
ilf. The volume of the mixture was 2.40 ml., containing 20 mg. 
yeast, 5.0 mg. glucose, and 0.45 mg. ammonium chloride. 

From curves I and III it results that the respiration is weakly 
inhibited in the beginning of the experiment in the presence of 
ammonium chloride, increasing after the lapse of about 90 minutes 
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to a value above tbat obtained with a substrate consisting only of 
glucose. If the value of the respiratory quotient (GOo/O,) is as- 
sumed to be 1, the difference between the values of the total 
amount of carbon dioxide developed (cf. curves II and IV) and 
respiratory carbon dioxide (= amount of oxygen consumed) is 
equal to the fermentation carbon dioxide (see Sperber and Runn- 
STROii 1939). The corresponding curves are drawn in the figure 
(curves V and VI). From these curves it is emdent that, in the 
presence of glucose alone, only weak aerobic fermentation is 
obtained, while the presence of ammonium chloride considerably 
increases the aerobic fermentation. With the concentration of 
glucose and ammonium chloride in question, the fermentation 
ceases after about 100 minutes. The same observations were made 
in experiments on baker’s yeast, t}q)e B. 

In analyses of the alcohol produced in the presence of ammo- 
nium chloride, 80 — 90 % of the amount of alcohol calculated from 
the fermentation carbon dioxide produced may be recovered prior 
to the increase in respiration and the decrease in carbon dioxide 
formation. Table 5 gives the amounts of alcohol determined in 
three experiments performed in flasks with and without potassium 
hydroxide in the central tube. In order to obtain sufficient quan- 
tities of alcohol at the end of the experiment, the initial concen- 
tration of glucose W'as — in contrast to the preceding experiment 
— 10 mg. per volume of suspension in the flask. 150 minutes after 
addition of glucose and ammonium chloride the amount of alcohol 
formed was estimated. At this time, the aerobic fermentation had 
not yet ceased. The amounts given are calculated in ftmol. per 
20 mg. of yeast. 


Tabic o. 


Estimalion of alcohol produced during aerobic fermentation. 


Ex- 

peri- 

ment 

Formentation- 
CO. obtained 
in the pre- 
sence ofEH«Cl 

« mol. 

Alcohol in flask with 
j KOH 

i Alcohol in flask without ] 

1 KOH j 

! . 

•Amount 

estimated 

t 

ft mol. 

Percentage of 
the amount 
calculated 
from fermenta- 
tion-CO. 

Amount 

estimated 

a mol. 

1 

Percentage of 
the amount 
calculated 
from fermenta- 
tion -CO. 

1 

51 

i 

! 44 

86 

mm 

96 

2 

42 

1 32 

76 


93 

3 

41 

t 32 

78 


95 
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It is seen from Table 5 that in the flasks witbout potassium 
hydroxide in the central tube more alcohol was recovered than in 
those with potassium hydroxide. This may be related to the ob- 
servations described in Chapter III, viz.^ in the presence of large 
amounts of carbon dioxide the metabolism of glucose is greater 
than normal. At the end of the experiment, the flasks without 
alkali contain about 10 % carbon dioxide in the gaseous phase 
owing to the high carbon dioxide formation in the presence of 
ammonium chloride. In experiments in which such high carbon 
dioxide production takes place, the turnovers in the flasks with 
and without potassium hydroxide in the central tube are in all 
probability not quite equal. This involves a certain error in the 
calculations of the respiration and fermentation curves. To judge 
from experiments not described in this paper, performed with 
varying concentrations of yeast and glucose, this error does not 
influence the principal characteristics of the respiration and fer- 
mentation curves. 

Despite the above considerations, suspensions with relatively 
high metabolism have also been employed in the experiments 
described below; this proved to be necessary for experimental 
reasons. By employing rather high concentrations of yeast or 
substrate, the volume of suspension could be decreased to a 
magnitude appropriate to the culture flasks available. Under these 
conditions, the material was sufficient for estimations of the 
changes within the substrate and the cell contents at different 
periods. The manometrical determinations were performed only 
in order to check the magnitude and the time of the deviations 
in the comse of respiration and fermentation. 

Investigations by Wertheimer (1934) on baker’s yeast, by 
BIcAnally and Smedley-MacLean (1935) and Willstatter and 
Rohdewald (1937) on brewer’s yeast (see also the literature cited 
in these papers) showed that glucose disappeared more rapidly 
than corresponded to its consumption by respiration and fer- 
mentation. The old observation was thus confirmed that glucose 
in the cells is built up to higher carbohydrates. The consumption 
of glucose corresponding to the amounts of respiration and fer- 
mentation carbon dioxide, which were measured before the end of 
aerobic fermentation, i. e. before the oxidation of the products 
formed during fermentation had begun, may be calculated. By 
subtracting the calculated amounts of glucose from the total 
glucose consumption evaluated by simultaneous glucose analyses. 
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a ineasurG is obtaiDed of tbe amount of glucose consumed in tbe 
spthesis of liigber carbobjdrates and intermediates. Tbe calcula- 
tion is based upon, tbe assumption tbat tbe respiratory quotient 
is 1 (1 mol. respiration carbon dioxide tbus corresponding to 
mol. glucose, and 1 mol. fermentation carbon dioxide to i/. mol. 
glucose). 

In consequence of tbe respiration and tbe strong aerobic fer- 
mentation, a bigber glucose consumption is obtained m tbe pre- 
sence of ammonium chloride than in tbe absence of tbe nitrogen 
source. Tbe following estimations of tbe consumption of glucose 
and tbe magnitude of carbohydrate synthesis are in complete 
agreement with tbe observations described earber regarding tbe 
differences in tbe amount of glycogen and trehalose in fed and 
budding yeasts. 

In the above described experiments Avitb an initial concentra- 
tion of o.O mg. of glucose per sample, tbe glucose consumption 
was calculated from the values of respiration and fermentation 
carbon dioxide after 90 minutes to be 2.50 mg. in tbe presence of 
ammonium chloride, and 0.94 mg. if only glucose was consumed. 
Determinations carried out after 90 minutes showed tbat tbe 
total consumption of glucose (determined according to the method 
of Willstatter and Schudel 1918, modified according to 
Goebel 1927) amounted to 4.20 mg. and 3.40 mg. in tbe presence 
and absence of ammonium chloride, respectively. Hence, 41 % 
of tbe total amount of metabolized sugar was used in the synthesis 
(including tbat of intermediate products) during tbe turnover of 
glucose in tbe presence of ammonium chloride, while tbe corre- 
sponding value in tbe turnover of glucose alone amounted to 
72 %. At the end of tbe aerobic fermentation, tbe glucose con- 
centration, in tbe presence of ammonium chloride, bad decreased 
to about 16 % of the initial concentration. Tbe alcohol formed, 
however, was accumulated to a considerable excess relative to 
tbe glucose present. Only after the concentration of glucose bad 
further decreased was the alcohol oxidized by respiration. Sper- 
BER and Eunnstrom (1939) found tbat, in tbe presence of even 
small amounts of glucose, alcohol "was not affected by baker s 
yeast. Unfortunately, their determinations of alcohol were per- 
formed according to 'Widmark’s method, which later proved to 
be less reliable in work on yeast. The present alcohol estimations 
nevertheless lend considerable support to their observations. 

In the presence of ammonium chloride, part of the glucose is 
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used for the synthesis of protein: hence only part of the sugar 
stored in the cells as reserve carbohydrates (see also belp^^; ;?U;. 
coimection vdth the changes in the dry weight of the yeast a^r;;;. ;. ; 
different pretreatments). Erom estimations of the uptake r^ofyi :;;: 
nitrogen it became obvious that after 90 minutes about 60:%M: y 
the amount of nitrogen added had been taken up by the :cells.<"., 
These determinations were performed on samples from flasks wMch : ; y 
had been shaken with and without potassium hydroxide in the : 
central tube. It was observed, just as in the recently, described^^: : -^ 
estimations of the alcohol formed, that the uptake of nitfogen ocV- : 
curred more rapidly in the absence of alkali, a phenomenon which :' y: , 
supports the view that the aerobic metabolism is ; activated; by : 
carbon dioxide (for further details, see Chapter ni)... ; ; . ' 

Further measurements of the respiration and fermentation and ;/ ; y ;, 
of the uptake of glucose, vrith baker’s yeast of the same tj^e as ; ; 

that used in the examples reported above, though with other con-:;- ;; 
centrations of glucose and ammonium chloride, may be foiind in ; ’ y. 
Runnstrom, Brandt and Marcuse (1940). In connection :-with -; 
their experiments on the assimilation of ammonia, these invests,.. ;.C 
gators showed that storage of higher carbohydrates in yeast was J ; • 
impeded by the presence of ammonium chloride not only iunder\' . = 
aerobic, but also under anaerobic conditions. The effect of ammo: / ! ; - 
nium chloride on the metabolism of glucose in baker’s yeast Vas’.^ . y^ 
decidedly smaller imder anaerobic than under aerobic conditioi^i -i . 


a fact which may be related to the slower uptake of nitrogen;ih- 
the former case. Ammonia nitrogen taken up by the cehsi-was- 
found to be used almost wholly for the synthesis of protein;- - - V' 
According to a private communication, Runnstrom has /found 


that the increasing effect of ammonium chloride on aerobic and' 
anaerobic fermentation first appears at higher concentrations of 
glucose. The aerobic fermentation increases with increasing; coh-. 
centration of glucose. With lower concentrations, however, a' pro- 
nounced increase in respiration is observed, this obseTyatioh being 
in good agreement with the findings of hlBYERHOP.and IwASAki 
(1930). , 


The investigations described in the next sections -deal, yntfc 
changes in acid-soluble nitrogen and both free and bound :acidy" ; :y; 
soluble phosphate in the cells during the, consumption; of* giucoseyr^^ 
in the presence and absence of anmonium;cLlpride^;Iii/theseie^^^^^ 

periments, the yeast concentratiomih the suspensions "nniptmtedr i: v 
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to 1.67 %, the initial concentration of glucose being 0.0115 M 
and that of ammonium chloride O.0035 M in 0.08 M Na-SS buffer. 
For purposes of comparison with the courses of respiration and 
fermentation exhibited in Fig. 13, Fig. 14 shows corresponding 
courses found when 40 mg. of yeast per sample were used instead 
of 20 mg., but the same glucose and ammonium chloride concen- 
trations as in the previous experiments. 



Min. 


Fig. 14. Respiration and fermentation during aerobic metabolism of glucose Trith 
and without addition of NHiCl. Initial concentration per sample of 2.4 ml.: 40 mg. 
baker’s j’cast, 5.0 mg. glucose, 0.45 mg. NHjClin 0.08 M Na-SS buffer. Summation 

curves. Key as in Fig. 13. 

The shapes of the curves in the two experiments are in good 
agreement. The initial depression in the respiration appears, 
however, less pronounced than usual in the latter case. Owing to 
the. small amount of sugar used in relation to the yeast concentra- 
tion, the aerobic fermentation already decreases after about 60 
minutes- 


4. Nitrogen Metabolism. 

For determinations of the amount of ammonia present in the 
suspension medium and of the content in the cells of total nitrogen 
soluble in 4 % trichloroacetic acid at different periods, the sus- 
pensions were shaken in 1.8 litre culture. flasks containing 120 mb 
suspension of the composition described above. When the yeast is 
shaken in buffer without addition of glucose or ammomum chlo- 
ride, the content of acid-soluble nitrogen within the cells changes 
but insignificantly (Table 6). The values reveal that the amounts 
present in starved yeast are practicaUy equal- to .those in the 

initial baker’s yeast. 


0—450905 
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TaWefi. 

Content of add-soluble nitrogen in cells of baker’s yeasty 
after aeration- 


Time of shaking 
in hours 

mg. »cid-soluhle 
N perg. yeast 

0 

3.22 

1 

3.11 

3 

3.04 

5 

3.11 

23 

3.25 


The uptake of nitrogen in the presence of aminoninin chloridh; ; 
and the changes in the ceil content of acid-soluble nitrogen duiihg : 
the consumption of glucose and glucose -j- anunomum chloride ' 
are seen from !Fig. 15. This figure includes data from two ex- 
periments in which the two yeasts exhibited a pronounced 'dif- ; 
feience in their i3aitial contents of total acid-soluble nitrogen. Tt/- 
is evident from the curves, however, that similar changes in the-.'i 
acid-soluble nitrogen fractions occurred in the two cases., 

The initial contents of total nitrogen in the yeasts used in 'ex- 
periments I and II amounted to 17.9 and 16.8 mg. nitrogen pen ^ 
g. yeast. Of this quantity, about 1 mg. consisted of amide.-hitrb-> 
gen. The amount of ammonia nitrogen in the yeast was extr^yy ^ 
small, viz. only about 2 — 3 //g. per g. yeast. It should be 
phasized here that when suspensions of baker’s yeast were shatenl ' 
without addition of substrate, say for 3 hours, no uptake of added 
ammonium chloride by the cells could be detected. According to. j 
unpublished investigations by Sperbbe at this IimtitAtei, this^. 
phenomenon might be due to the relatively high initial; total-; ; 
nitrogen content of the yeast. ^Yhen the yeast was shaheS-in the 
absence of substrate, no liberation of nitrogen was f6und;.|;3"^^^^ 
Curve A in Fig. 10 shows that the ammonia added (cbrrespph^g i 
to 3,00 mg. nitrogen perg. yeast) was taken up completelyAy the3 
yeast within less than 90 minutes. In the coimumption of ‘glucose;; 
without addition of ammonium chloride' (curves T^a fandijll A)^' 
the amount of acid-soluble nitrogen is decreased "during thniame; 
of tbe e3g)eriment. In the presence of- anmionittmVcIdoride.Xcuryesl 
I b and 11 b), however, an increase in tWcontyat of acid-sbluble ^ 
mtrogen is observed in the beginning, ‘simultaneousiy^^witfeth^^^^ 
high uptake of ammonia. Later, the value/decreases fapidly/m^3 
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15. Uptake of nitrogen and changes in the content of acid-soluble nitrogen 
daring aerobic metabolism of glucose -with and without addition of NHjCL Initial 
concentrations of jcast, glucose, and KEtCl correspond to those in Kg. 14. 1 and 
H: Experiments on yeast -with different initial contents of aciisoluble nitrogen. 
(A) Uptake of ammonia-nitrogen in the presence of NH,C1. 

(la) and (Ua) Changes in the acid-soluble nitrogen during consumption of glu- 

cose. 

(l b) and (Hb) » » » acid-soluble nitrogen during consumption of glu- 

cose + NHjCI. 

dicating that the ammonia is incorporated into acid-insoluble 
compounds. Analogous observations were made by EunnstRom, 
Beaiidt and Marcuse (1943) when investigating the restituting 
effect of shaking on dried baker’s yeast under aerobic conditions. 

5. Phosphate Distribution. 

Using the same concentrations of yeast and the same additions 
as in the preceding experiments, the changes in the content of 
“free” and bound phosphate (soluble in 4 % trichloroacetic acid) 
were estimated during the shaking of the yeast under aerobic 
conditions without addition of substrate and with addition of 
glucose and glucose -j- ammonium chloride (Brandt 1942 b). The 
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experiments were performed in 1.8 litre culture flasks initially 
containing 180 ml. suspension. The yeast used was of tj^e A. 
The results are given in Kg. 16. The curves represent the mean 
values obtained in numerous experiments embracing about 700 
phosphate determinations. Hie average total phosphate content 
of the yeast was 3.70 mg. phosphorus per g- yeast, corresponding 
to 120 /<moI. orthophosphate. The phosphate soluble in trichloro- 
acetic acid, which was estimated without preliminary hydrolysis, 
will be denoted as “free phosphate” The corresponding curves in 
the figure are marked with a. Part of this phosphate may originate 
from amounts of 1.3-diphosphogIyceric acid and acetyl-phosphate 
present, containing phosphate loosely bound to the carboxyl 
groups (see Negelein and Bromel 1939, Lipmann 1941, and 
Lynen 1941). Bound acid-soluble phosphate was calculated as 
the difference between the total aoid-solnble phosphate and the 
free phosphate. If the bound acid-soluble phosphate was hydro- 
lysed in normal sulphuric acid for 7 minutes at 100° 0., 40 — 46 % 
of the phosphate was split off. Although the change in the total 
amount of bound acid-soluble phosphate varies remarkably during 
the experiment, approximately the same percentage of bound 
phosphate is always hydrolysed. The greater part of the hydro- 
lysed phosphate probably consists of pyrophosphate. ^ 

Curves I a and I b in Fig, 16 (heavy lines) illustrate the changes^ 
in the amount of free and bound acid-soluble phosphate in 'the 
cells during shaking of the yeast without addition of siibstrate, 
Jn the beginning, the amount of free phosphate (I a) decreases 
somewhat, increasing later to an almost constant level. The con- 
tent of bound acid-soluble phosphate (I b) at first increases very ^ 
markedly during shaking. This change, which is already pro- 
nounced after some minutes, causes a remarkable variation in the 
initial analytical values. The time between the preparatloui of a" 
suspension and its fixation thus greatly affects the size of this 
phosphate fraction, but it also influences the changes in the phos- 
phate fractions in experiments upon addition of substrate. All 
curves drawn iivith thin lines exhibit schematically the alterations 
in the phosphate fractions for yeasts with an initially high con- 
tent of bound acid-soluble phosphate, obtained by shaking' the 
suspensions for about 1 hour before the start of the experiment. 

In the aerobic consumption of glucose by yeast, 'a large part 
of the free phosphate (II a) is bound within the Tirst minutes 
after the addition of sugar. At later stages, a low content of free 
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Changes in the content of free phosphate and bound acid-soluble 
phosphate during aerobic shaking of baker’s yeast and consumption of glucose 
in the presence and absence of Initial concentrations of yeast, glucose, and 

NHjCl correspond to those in Pig. 14. The thin lines schematically represent 
changes occurring -when yeasts arc used -which have initially high 'contents of 
boimd acid-soluble phosphate. 

(I a) Changes in the free phosphate during agitation without added substiate. 

(II a) » » » » I) » metabolism of glucose. 

(Ill a) » * » » » » metabolism of glucose -f NH^Cl. 

(lb) » » * bormd acid-soluble phosphate during agitation -without 

added substrate. 

(II b) » > » » » » during consumption of glu- 

cose. 

(in b) » » » » » » during consumption of glu- 

cose -b NH,C1. 

pliospliate is maintained "within the cells, which increases again 
slightly after the glucose is completely consumed. In the beginning, 
the amount of bound acid-soluble phosphate (II b) increases ra- 
pidly, decreasing again after less than 10 minutes to a value be- 
low the initial content of this phosphate fraction. This phosphate 
seems to have been incorporated into acid-insoluble compounds 
by "way of intermediate acid-soluble materials. 

Analogous observations were made by Lynen (1941) (see also 
IMirski and "lyERTHEiMEB 1939) who showed that, in the aerobic 
consumption of alcohol, acetaldehyde and acetate by moderately 
starved yeast, the content of free phosphate decreased -within the 
protoplasm. Lynen also found that when alcohol was added the 
phosphate was incorporated into the acid-insoluble compounds, 
since the total content of acid-soluble phosphate decreased. He 
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showed, moreover, that the amount of free phosphate disappearing 
in the consumption of glucose was remarkably larger under aerobic 
than xmder anaerobic conditions. 

In the turnover of glucose in the presence of ammonium chlo- 
ride, the free phosphate is bound very rapidly (III a), as is the 
case in the absence of the nitrogen source. The content of free 
phosphate within the cell hereby decreases to a lower value than 
that observed in the consumption of glucose alone. After about 40 
Tnimites. the amount increases to a maximum, subsequently de- 
creasing again. After the consumption of the substrate the amount 
of free phosphate increases slowly. The cause of the maximum at 
about one hour after the start of the experiment is unknown. An 
interruption of aerobic fermentation may contribute to the tem- 
porary increase in the content of free phosphate within the proto- 
plasm; when the oxidation of alcohol commences, the phosphate 
content again decreases slowly. 

The change in the content of bound acid-soluble phosphate 
during glucose metabolism in the presence of ammonium chloride 
(in b) varied very markedly in different experiments. Curve III b 
exhibits a course completely different from that of the corresponding 
curve n b. During the first minutes, as in the absence of ammo- 
nium chloride, a strong increase in the amount of bound phos- 
phate was obtained, which decreased after some time, ultimately 
increasing anew to a second maximum. In experiments on yeasts 
with an initially high content of this phosphate fraction, the latter 
maximum could frequently not be observed; the phosphate con- 
tent, however, remained rather constant for some time. The 
maximum in the free phosphate content obtained about one hour 
after the start of the experiment thus apparently corresponds to 
the changes in the content of bound acid-soluble phosphate ex- 
hibited in the curve, indicating that a change takes place in the 
metabolic processes associated with phosphorylation. 

liTien the substrate is exhausted, the contents of free and 
bound acid-soluble phosphate approach the values typical of the 
yeast shaken without substrate. 

According to Lynen (1941), the content of free phosphate 
within the protoplasm is associated with Pasteur’s reaction. 
Lynen believes that the competition between the respiration and 
fermentation processes for the inorganic phosphate may explain 
this reaction (cf. Johnson 1941). Under aerobic conditions, fer- 
mentation is assumed to be suppressed, while in the respiration 
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processes a more rapid decrease in inorganic phosphate is obtained 
than during the fermentation processes. Consequently, the libera- 
tion of free phosphate through dephosphorylation processes, which 
according to Lynen occur at an unchanged rate, cannot take 
place rapidly enough to maintain the concentration of free phos- 
phate necessary for a strong fermentation, this free phosphate 
being bound during the dehydrogenation of triosephosphate (War- 
bueg and Christian 1939). Lynen thus supposed strong fer- 
mentation to be associated with a high content of free phosphate 
within the protoplasm. 

In the es^eriments described above, during aerobic consump- 
tion of glucose in the presence of ammonium chloride (HI a), the 
content of free phosphate decreased during the period of aerobic 
fermentation to a smaller extent than was foxmd in the consump- 
tion of glucose alone (II a). This holds, despite the fact that in 
the former case the aerobic fermentation is remarkably stronger 
than in the latter and that, apart from this, the respiration is un- 
changed or but slightly checked in the presence of ammonium 
chloride. The consumption of glucose in case HI, moreover, is 
higher than in case II, which corresponds to the behaviour during 
anaerobic fermentation. From the above data it results that an 
increased fermentation may occur without an increased content 
of so-called free phosphate in the protoplasm when a growth 
metabolism takes place. 

6. Aitei'ations in Dry Weight. 

During pre treatment of baker’s yeast with the aim of ob- 
taining starved, fed and budding yeasts the dry weight of the 
initial yeast is changed. In the following section, such alterations 
are considered which are found when baker’s yeast is pretreated 
under the conditions described above for the preparation of such 
yeasts. When the yeast is starved overnight, the dry weight is 
decreased by c. 3.5 — f % of the initial dry weight. During the 
first 3 hours, the dry weight already decreases by more than 1 %. 
The decrease can chiefly be attributed to the consumption of 
carbohydrates occurring during endogenous metabolism. Ac- 
cording to Genaud (1929), shaking of the yeast causes practically 
no loss of the cell constituents into the suspension medium. 

After feeding, the amount of dry substance increases by about 
39 % of the initial dry weight. This increase corresponds to a 
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storage of reserve carbohydrates (see above) amounting to about 
26—27 % of the glucose added during pretreatment. In the pre- 
sence of ammonium chloride, the increase in dry weight in the 
budding yeast is only c. 28 % of the initial dry weight. Estima- 
tions of the amount of nitrogen taken up during the pretreatment 
showed that after 27- hours 60— 65 % of the nitrogen added was 
consumed. If the dry weight of the initial yeast is put at 26 %, 
and the nitrogen taken up is assumed to be principally employed 
in the synthesis of “raw protein” containing c. 16 % nitrogen 
(according to Claasen 1934), then 13—14 % of the initial' dry 
weight is the maximum increase that may originate from the 
formation of protein. During pretreatment of the yeast with 
glucose m the presence of ammonium chloride, approximately 
half of the total increase in the amount of dry substance may thus 
be supposed to originate from the formation of acid-insoluble 
nitrogen compounds, while the other half consists of reserve car- 
bohydrates formed. On the basis of the above assumptions, the 
additional supply of stored carbohydrates in the budding yeast 
is only one third of that obtained in the yeast fed with glucose 
alone. 

When not otherwise stated, the quantities of acid-labile bound 
carbon dioxide in the yeasts pretreated in different manners are 
expressed per gram of initial wet weight of baker’s yeast. The 
alterations in dry weight of the yeast during pretreatment are 
not considered in the calculations. When the values for the dif- 
ferent yeasts are compared, figures calculated per gram of dry 
weight are probably less comparable than those expressed per 
gram of initial wet weight It is improbable that the amount of 
reserve carbohydrates stored in fed and budding yeasts greatly 
affects the amount of plasma components capable of binding car- 
bon dioxide. 

It is difficult to correct accurately for the increase in wet weight 
due to protein formed during pretreatment under addition of 
ammonium chloride, since the fate of the water in yeast during 
pretreatment is not known in detail. The increase in the protein 
content of the yeast may be estimated to be 26—30-%. If the 
water content of the cell increases proportionally, the wet weight 
of the yeast should be about 16 % higher. As baker’s yeast Is 
treated in the suspension medium without addition^of salts, other 
than ammonium chloride, the total content of salts in^ the yeast 
cells after pretreatment must be the same per gram of initially 
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weighed yeast. As it is unknown in what way the quantities of 
salts or proteins in the ceil affect the ability to bind carbon 
dioxide, the introduction of an approximate correction for the 
clianges in wet weight obtained in budding yeast seems to be un- 
justified. hlo calculations were made of carbon dioxide bound per 
gram of dry weight or per unit weight of nitrogen of the initial 
baker’s yeast, since these scarcely appear more advantageous than 
those described above. Variations in the dry weight of baker’s 
yeast and in the content of total nitrogen are rather insignificant. 

The content of intercellular water in the initial baker’s yeast 
was calculated to approximate to 25 % of the wet iveight (Just 
1910 and unpublished investigations on Swedish baker’s j^east by 
3 Ialm at this Institute). The yeasts were always washed by 
centrifuging the suspensions for 6 minutes in an “Ecco” centrifuge 
and iramediatel^y pouring off the supernatant liquid. After the 
last washing, the walls of the tube were dried with filter paper 
in order to remove pos.sible residual water. When 2 — 10 g. of 
baker’s yeasi is treated in this manner, it is observed that the 
dry weight of the centrifuged yeast has decreased by about 12 % 
of the initial dry weight. This indicates that the intercellular water 
content is 32 — 33 % of the wet weight. In the preparation of yeast 
suspensions for the measurement of the amount of bound carbon 
dioxide, corrections for the changes in the amount of intercellular 
wat-er airer centrifugation of the yeast were not regarded as ne- 
cessary. The content of intercellular water within the yeast was 
considered, however, in the calculation of the dilution water 
affecting the pH determinations in suspensions of heat-fixed 
yeast, since in these experiments rather concentrated suspensions 
were used (cf. Chapter V). 


7. Cbarnctoristics of Pretrontecl Yeasts. 

From the observations communicated above concerning the 
eftect of different pretreatraents on baker’s yeast, it results that 
the pretreatments initiate characteristic changes in the composi- 
tion and the properties of the initial yeast. The changes typical 
of the yeasts pretreated in different manners are listed in the fol- 
loiving summary. 

Starvefl Yeast. When baker’s yeast is starved, the protoplasm 
is clearly vacuolized. The volutine grains rich in ribo-nucleotides 
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become aggregated. The smaU amoont of glycogen present in the 
imtial yeast has disappeared. The endogenous respiration has • 
considerably decreased, simultaneously with a remarkable in- 
crease in the respiratory quotient. It should be mentioned here 
that during starvation the yeast probably loses part of its ribo- 
flavin, which may affect the oxidative processes in starved yeast 
(see SwEE and Springe 1941). Myeback and Vaulin (1944) have 
shown, moreover, that during aeration the aneurin in baker s 
yeast is transformed into aneurin disulphide. Under anaerobic 
conditions, the endogenous fermentation is, just as in baker’s 
yeast, extremely weak. The amount of acid-soluble nitrogen in the 
cells is practically the same as in the initial yeast. The content of 
so-called free phosphate does not deviate noticeably from that 
in baker’s yeast. The amount of acid-soluble bound phosphate, 
however, is greater in starved yeast. 

Fed Yeast. In this type of yeast, the vacuoles have disap- 
peared almost completely. The volutine grains are spread rather 
uniformly over the whole hyaloplasm. During pretreatment of 
baker’s yeast with glucose, large amoimts of glycogen and tre- 
halose are stored in the fed yeast, and the dry weight increases 
significantly. The endogenous metabolism under both aerobic and 
anaerobic conditions is considerably increased. The content of 
acid-soluble nitrogen in the fed yeast is remarkably less than in 
baker’s yeast. The amounts of acid-soluble free phosphate and 
bound phosphate within the cells are much lower than in the 
initial yeast. 

Bndding Yeast. This material exhibits quite well developed 
vacuoles. The volutine grains have begim to dissolve, and the oc- 
currence of dissolved and partly new-formed nucleotides is clearly 
observed in the hyaloplasm. As a consequence of the consumption 
of glucose during pretreatment in the presence of a nitrogen 
source, an incipient budding is observed in the yeast together 
with a synthesis of protein, Bimultaneously with a strong aerobic 
fermentation of the glucose. The reserve carbohydrates are stored, 
though to a considerably smaller extent than in the preceding 
yeast. Despite this fact, the budding yeast shows a somewhat 
stronger endogenous respiration than the fed yeast. Under an-' 
aerobic conditions, the fermentation is lower than that of fed 
yeast, yet markedly higher than that of baker’s yeast. The in- 
crease in dry weight is decidedly smaUer than with the preceding 
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t>’pe of yeast. Tlie content of acid-soluble free phosphate is of the 
same order of magnitude as in fed yeast, while the amount of 
bound acid-soluble phosphate is greater. 

Dried Yeast. The cells are still alive after drying. The per- 
meability t-o different substances, however, is markedly increased. 
"Washing of the yeast with water therefore involves a loss of some 
low-molecular substances from the cell. The h3’'aloplasm is partly 
granular. iVfter the dried yeast has been stored for a relatively 
short time, no glycogen is found in the cells. The endogenous 
metabolism of the j’cast under aerobic conditions is of the same 
order of magnitude as in baker's yeast, though it does not de- 
crease so rapidly. Under anaerobic conditions, the endogenous 
fermentation is considerably higher than in the initial j-east. The 
respiratory system is greatly affected b}’ drnng; a retardation of 
its function is observed to accompany an increasing domination 
of the anaerobic processes ns the time of storage increases. 

In Chapter III examples are given of the different contents of 
free pho.sphatc in j-easte pretreated under aerobic and anaerobic 
conditions and in the iiresence of 25 % carbon dioxide in the gase- 
ous phase. The data given refer to the conditions under which 
the determinations of the amount of acid-labile bound carbon 
dioxide were performed in different tvpes of yeast. 



CHAPTER III. 


Effect of Carbon Dioxide on the Metafeblisp 
and Cell Constituents, 


As, in the following chapters, experiments are described, which, 
were performed on yeast shaken with 0 — 50 % cartion. dioxide, 
in the gaseous phase, some preliminary experiments will be com- 
municated in order to elucidate the effect of carbon- dioxideydn 
the yeast cells, viz. on the endogenous metabolism, on the ftee 
phosphate and ammonia nitrogen contents of the protoplasm 
and the uptake of glucose and pyruvic acid by the yeast^v. ; • 
Apart from the few observations, described in Chapter i/ .fey 
garding the effect of carbon dioxide on the metabolism of yeast,' 
no further data are available from the literature. Our knowledge 
in this field thus seems to be restricted to the observations: that 
the presence of carbon dioxide is of great importance for the '^o'wdih 
of the cells (Rockwell and Highberger 1927), for the forma,tiph 
of succinic acid (Kleinzeller 1941), and for the dehydrogenation 
reactions within the cells (Hes 1938). Numerous investigations 
have shown, moreover, that the fermentation of glucose, is not 
influenced by carbon dioxide under atmospheric pressure, -whRe 
even minor concentrations of carbon dioxide in the gaseous phase 
affect the endogenous respiration in brewer’s yeast (Blamon 
1936 ). 


A. Microscopical Observations. V - 3 

Attempts were made by microscopical studies in .vitible' Hgh^ 
to find whether carbon dioxide had any visible effect' oh the prb* 
toplasm of the living cells, Por this piirpose, suspehsionhpf bkker’s 
5 east were shaken in MjW Na-SS bMfer, pH . 5.1, . in an {atmo- 
sphere containing carbon dioxide. The cytological picture -of the 
cells thus treated then was compared" with thati in .yeast- ,simi- 
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laxly shaken, in air and in nitrogen. Neitker after shaking the 
yeast for 24 hours at 25“ C. in an atmosphere of air containing 
25 50 % carbon dioxide nor after shaking in pure carbon di- 
■oidde could any change vrithin the protoplasm, indicating a cell 
injury, be observed. In all cases, only the changes typical of star- 
'x ation 'were observed in comparison with control experiments 
i. e. weak vacuolization of the protoplasm and aggregation of the 
volutine grains, as described in the preceding chapter. 

B. Effect on Growth. 

The effect of carbon dioxide on the growth of yeast was in- 
vestigated for different carbon dioxide concentrations in the 
gaseous phase and at various times, using different inoculation 
quantities of baker’s yeast. The experiments were performed 
in 450 ml. culture flasks containing 30 ml. nutrient solution. 
The nutrient solution was inoculated ■nith a Krogh syringe, 
through a tube in the stopper of the flask, containing 1 ml. yeast 
suspension in sterile water with a yeast content corresponding 
to 2.6 mg. or 5.2 mg. dry weight. Through a stopcock with a 
cotton filter, 2 litres of gas mixture, composed according to the 
data in Table 7, were run through the flasks. In order to correct 
for the decrease in oxygen pressure and the increase in carbon 
dioxide pressure during the experiment, the flasks were filled 
anew with 2 litres of the gaseous mixtures after 3 and 6 hours. 
At the end of the experiment, the yeast was sucked off, washed 
and dried. Table 7 gives the results obtained. The experiments 
performed at different carbon dioxide pressures and the corre- 
sponding controls were inoculated with different samples of manu- 
factured baker’s yeast. The values given in the table represent 
the means of two determinations. 

The table shows an increased reduction in growth with in- 
creasing concentration of carbon dioxide. In the presence of 
50 % carbon dioxide in the gaseous phase, the increase in weight 
after 10 hours was 33 % less than that of the control experiments. 
However, despite the high carbon dioxide concentration the yeast 
increased to ten times its original weight. This fact makes it 
obvious that the concentration of carbon dioxide in question 
cannot be regarded as injurious to the yeast. Further experi- 
ments which support this "vdew may be found both in the following 
description and in Chapters IV and Y. 
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Table 1. 

Effect of CO^ on growth of bakers yeast. 
Temp.: 25° C. 


mg. yeast 
injected 
(dry weight) 

Time 

in 

hours 

Initial 
gas mixture: 

50 % 0, 

Increase 

Eednbtiph 
in^^pwdr 
in presence 
ofCOi. 

in mg. 
dry weight 

ia % 

2.6 

2.6 

0.2 

5.2 

10 

10 

5 

5 

+ 15%§),-i-35%N, 
+ 15% CO, + 35% N, 

40.2 

36.1 

12.9 

11.8 

1545 

1390 

248 

227 


2.6 

10 

+ 50 % N, 

36.2 ■ 

1390 

" 12'% 

2.6 

10 

+ 25 % CO, + 20 % N, 

32.0 

1230 



5 

+ 50 % N* 

11.7 

225 

- 7%'i’ 

5.2 

5 

25 % CO, + 25 % N, 

10.9 

210 


2.G 

10 

+ 50 % N, 

40.5 

1555 

33'*oVr\ 

2.6 

10 

+ 50 % CO, 

27.0 

1040 

; '■ /O, ■; i 

5.2 

5 

+ 50 % N, 

14.2 

273 

‘ ‘ 23 % ' 

5.2 

5 

+ 50 % CO, 

11.0 

211 



According to investigations of tiie effect of carbon ^oxide pn . 
the growth, of fungi (see, inter alia, the works of Platz and cb-;,; 
workers and of Golding reviewed in Chapter I), the grovrth;}pf • 
yeast could not be expected to be already impeded at an.initmb ' 
concentration of 15 % carbon dioxide in the gaseous phase.jit is;:: 
however, very probable that, if the experimental conditapns .’^ere, 
changed, no reduction in growth is obtained in the . presence pf ' 
the same carbon dioxide concentration. According to Lo:pmobe ,= 
and to Hamon, the pretreatment of the yeast strongly .^ecte- 
its reaction to carbon dioxide. As baljer’s yeast, was culiavated ; 
under strong aeration, by which procedure the concentration lof ; 
carbon dioxide in the gaseous phase was maintained at .a low leyel, 
it was not adapted to the presence of moderate coiicentiatibhB'} 
of carbon dioxide. It may thus be assumed that hater’s iyjeh^ ; 
is relatively more sensitive to higher concentrations: of ; carbon 
dioxide in the gaseous phase containing 50 % oxygen thanjyeast 
cultivated in not especially aerated laboratory ,cultiiiesy,,^here :' 
the concentration of carbon dioxide is frequehtiy rather .high^ 
Unpublished experiments on the effect . of carbon :!diPxifepny 
the growth of yeast were performed by NoBmAoteb 
ish Yeast Factory Co., on a seini-technical scale, .usih^ tdpy^e^f y 
and cultivation by the method of differential. fermenfationV/Shese'^ 
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experiments stowed that, in contrast to the experiments mention- 
ed previously, no reduction was obtained after addition of 20 % 
carbon dioxide to tbe air blown tbfougb tbe suspension. On tbe 
otter tand, it was observed that a mixture of 80 % carbon di- 
oxide and 20 % oxygen strongly reduced tte growth of yeast, 
simultaneously causing a greatly increased alcohol formation. 
Tte addition of carbon dioxide was interrupted after 8 tours 
and tte aeration continued with oxygen alone. Subsequently, 
tte growth of tte yeast increased rapidly and tte alcohol forma- 
tion ceased, indicating that tte retarding effect of carbon dioxide 
on tte growth and the induction of an aerobic fermentation were 
reversible processes, despite the high concentration of carbon 
dioxide employed. 


C. Effect on Endogenous Metabolism. 

Tte endogenous metabolism of tte yeast under aerobic con- 
ditions in the presence and absence of carbon dioxide in the gaseous 
phase was investigated by Warburg’s indirect method as de- 
scribed in tte preceding chapter. Tte experiments were per- 
formed with gas mixtures of 20 % oxygen -f 25 % carbon dioxide 
-b 55 % nitrogen or 20 % oxygen 50 % carbon dioxide -j- 30 % 
nitrogen. Measurements on controls with air in tbe gaseous phase 
were performed simultaneously. 100 mg. of baker’s yeast was 
used in each apparatus. Tables 8 a and 8 b stow tte experimental 
results. Tte columns marked with the same number refer to one 
and tte same experiment. 

Tables 8 a and- 8- b, show that -the endogenous respiration of 
baker’s yeast in experiments both with 25 % and 50 % carbon 
dioxide is obviously greater than the corresponding metaboKsm 
in air during tte time of the experiment (3 tours). In all cases, 
tte value of tte respiratory quotient is about 1, indicating that 
the metabolism activated by carbon dioxide originates in an in- 
creased break-down of carbohydrate. Tte increase in endogenous 
respiration of baker’s yeast at increased carbon dioxide concen- 
tration agrees well with Hamon’s (1936) observation that the 
presence of 5—30 % carbon dioxide in tte gaseous phase acti- 
vated tte respiration of moist brewer’s yeast, cultivated under 
aeration at 24° C. 
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Tables 8 * and b. 


Effect 00 a on endogenous metabolism in haTcer.o- yedd,: 
The Talues are- es 5 >ressed in /«1. per 20 min. per 100 mg-yeast. 

a) '' 


Exp. No. 

Air ] 


Oj-consumption 

GOfformation 

Oj-consumption, 

, COj'-fonnatioh 1 

i 1 

•2 

3 

Mean 

1 

2 

'3 jnean 

D 

B 

B 

Heau 

1 : 

•-2 

>3; 

Keao 

0 — 20 min. 
20— 40 * 
40— €0 » 
60— 90 » 
90—120 » 
120—150 ^ 
150—180 t 
0—180 1 


j 

1 

71 

59 

50 

44 

39 

34 

28 

398 

60 

53 

-46 

39 

37 

29 

27 

357 

71 

58 

51 

45 

42 

33 

28 

402 

1 

65 

56 

48 

44- 

39 

34 

28 

387 

97 

67 

62 

50 

48 

36 

32 

475 

131 

84 

62 

49 

46 

38 

30 

521 

un ft 

101 

71 

■59 

48 

45 

38 

33 

477 

,!9i 

64 

62 

■48 

50 

.37 

32 

468 

128 

81 

;-6i 

/■47 

•47 

39 

31 

516 

■ 71 
;6i 
■49 
47 
■44 
43 
,38 
439 

:;97 
■69 
,57 
•;47 
- -il 
"-,40 
,34 
475 


b) 







A 

i r 




20 %0 

r 

c -r 

50% 

CO, 

■f:;3b% 




OfConsuoiption 

CO 

2 -formation j 

0, •consumption 

CO 


Exp. 

No. 

n 

B 

II 

Mean 

D 

B 

B 

Hean | 

m 

B 

B 

Mean 

1 

2 

3, 

Mean 

0— 20 

min. 

52 

83 

65 

67 


,, 9 ' 


HI 

85 

H 

92 

94 

82 

H 

■89 

.■^■90 

20— 40 

» 

46 

59 

51 

52 

43 

56 

47 

49 

74 

•81 

83 

79 

76 

82 

83 

R1 

40— 60 

> 

39 

49 

44 

44 

38 

46 

41 

42 

64 

62 

.47 

58 

.66 

.63 

47 

69 

60— 90 

» 

37 

43 

41 

iKE 

37 

42 

m 

KSj 

52 

48 

43 

48 

54 

m 

42 

’,■49 

90—120 


34 

39 

29 

34 

35 

39 

27 

34 

48 

38 

36 

41 

■51 

■;37 

37 

..,42 

120—150 


27 

32 

m 

28 

28 

32 

26 

29 

ES 

35 

33 

. 36 

42 

-36 

35 

■38 

150-180 


28 

25 

. — 

27 

29 

25 

— 

27 

38 

33 

— 

36 

41 

35 


■,38 

0-180 


326 

399 

— 

357 

325 

1615] 

— 

349 


478 

— 

473 

ItgiH 

Hi 

IS 

B 


D. Effect on Free Phosphate Content;^^ 

As indicated by the investigations of the pho^hate i fraction#;; 
of yeast at different physiological conditions/ described rmVtHe- ?^^ 
preceding chapter, the changes in the acid^sdlubie fee#^pjio^fi^ 
content in the protoplasm of baker yeast are sensitLye indicaT, ' ^ 
tors of the changes in the cell metabolisni. TOe/ fl,Tnnnnt‘ 
phosphate was therefore deterxnined, in /yeast wlidch; TOtho^^^^ 
dition of substrate, was shaken under aerobicvcohditibhs 'ui^ an/:'; 
atmosphere with ^d without carbon dioxide/ In brdef/^d:’^ 
mine, whether carhon dioxide at the concentrations ^ed /caused-/ 
a liberation of pho^hate ions from the ceils,: the phb^hateiCon/'^^^^^ 
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±ent of tlie suspension medium ivas also determined after shaking 
the yeast udth and without carbon dioxide in the gaseous 
phase. ® 

The experiments were performed in 450 ml. culture flasks 
to which were added 50 ml. suspension containing 4 g. of baker’s 
yeast washed twice with 31(10 Na-SS buffer, pH 5.1, and sus- 
pended in the same buffer. The suspensions were rapidly treated 
in a water thermostat (25° C.) for 10 minutes with a gas mixture 
nf the composition given in Table 9. They were shaken subse- 
quently with the gaseous phase for an additional 60 minutes. 
A part of each suspension was fixed with trichloroacetic acid for 
the determination of the free phosphate content of the cells; 
.another part was cooled and centrifuged for determining the free 
phosphate in the suspension medium. Table 9 shows the effect 
of carbon dioxide under aerobic conditions on the free phosphate 
content of the cells and on the liberation of phosphate ions into 
the suspension medium. 


Table 0. 


Effect of OOn on free phosphate content in bahers yeast and on the 
liberation of phosphate' into the suspension medium. 



Free phosphate in fig. P 
per g, baker’s yeast 

Composition of gnseous phase 

In the 
ceUs 

Liberated into 
the suspension 
mehum 

50 % 0, 4- 50 °/n 'N, 

286 

3 

50 % O; -i- 50 % GO,- 

229 

1 

50 % 0. 4 - 50 % N, 

284 

2 

50 % 0, 4- 20 % CO. 4 30 % N. 

253 

1 


As seen from the table, the amount of free phosphate in the 
protoplasm is decreased in the presence of carbon dioxide in the 
gaseous phase. Simultaneously vdth the decrease in free phosphate, 
a decrease in the amount of phosphate liberated into the suspen- 
sion medium is observed. The errors in the determinations of 
such small amounts of phosphate are rather great. Nevertheless, 
in numerous experiments the free phosphate content of the sus- 
pension medium in the presence of carbon dioxide was always 
found to be lower than that obtained after shaking the yeast 
with oxygen and nitrogen. 

6—450005 
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Detetminations of the free phosphate content of the cells 
^vere performed on baker’s yeast and pretreated yeasts v?hich 
were shaken under aerobic and anaerobic conditions without 
and with 26 % carbon dioxide in the gaseous phase. For a later 
estimation of factors possibly affecting the acidity of the cells 
it was of immediate interest to know the amount of free phos- 
phate in the different yeasts after treatment analogous with that 
used in the determination of bound carbon dioxide in yeast (see 
Chapter IV). The suspensions of the different yeasts were there- 
fore treated in trough-shaped Warburg flasks containing 1.5 
ml. suspension with 200 mg. of yeast in 0.059 M Na-SS buffer, 
pH 5.1. The apparatuses were filled with the gas mixtures shown 
in Table 10 while being shaken in the thermostat for 20 minutes. 
After further shaking for 17 minutes in the gas mixture, the con- 
tents of the flasks were fixed by addition of trichloroacetic acid. 
The amounts of free phosphate were estimated. The results may 
be seen from Table 10. The difference between the contents of 
free phosphate in a yeast treated with and without addition of 
carbon dioxide is expressed as a percentage of the value for the 
control in a COj-free atmosphere. 

Table 10. 


Effect of COo on free phosphate content in hakers yeast and 
pretreated yeasts under aerobic and anaerobic conditions. 


Composition of gaseous phase 

Free phosphate in « g. P per g. yeast 

Baker’s 

yeast 

Fed 

yeast 

Budding 

yeast 

Starved 

yeast 

■ 

Dif- 

fer- 

ence 

in% 

1 

Dif- 

fer- 

ence 

in % 

1 

Dif- 

fer- 

ence 

in % 


Dif- 

fer- 

ence 

in% 

50 % O,+ 60 % N, 

50 % 0, + 25 % CO, + 25 % N, 

261\ 
224 f 

— 14 

156\ 

145/ 

— 7 

155\ 

144/ 

— 7 

2981 

291/ 

— 2 

N, 

446\ 
443 f 

(-1) 

2311 

230/ 

0 

1891 

198/ 

-f5 

4041 
406 f 

0 

25 % CO, + 75 % N, 


Just as in the preceding experiments, after treatment of baker’s 
yeast under aerobic conditions in an atmosphere containing 
carbon dioxide, a smaller amount of free phosphate was found 
than in the control experiment. Both the fed and the budding 
yeasts showed a considerably lower free phosphate content than 
did baker s yeast, which may be associated with the much stronger 
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endogenous metabolism in pretreated veasts as compared with 
baker’s yeast. 

The marked increase in free phosphate within the cells which 
was observed during shaking of the yeasts under anaerobic con- 
ditions is in good agreement with Lynen’s (1941) observations 
that the content of free phosphate in the yeast is higher in the 
anaerobic turnover of glucose than during aerobic metabolism. 
Table 10 demonstrates that the presence of carbon dioxide during 
aerobic treatment of the yeast obviously has a lowering effect 
on the free idiosphatc content of the protoplasm. The phenome- 
non appears less distinctly only in experiments on starved yeast. 
This agrees well, however, with the low capacity of starved yeast 
for binding carbon dioxide described in Chapter IV and wdth 
the relatively slight effect of this gas on the pH in the cells under 
aerobic conditions (Chapter V). Except in the case of budding 
yeast, enrbon dioxide does not influence the phosphate content 
under anaerobic conditions, an observation which was confirmed 
by repeated experiments. The difference in the effect of carbon 
dioxide under aerobic and anaerobic conditions was also observed 
in investigations of the influence of the gas on numerous other 
reactions in yeast (cf. below). 

Later descriptions of pH measurements and electrometric ti- 
trations on extracts and suspensions of yeast fixed by heat re- 
veal that an extract from yeast shaken under aerobic conditions 
for 70 minutes in a gas mixture containing carbon dioxide has 
a remarkably liigher pH value than an extract from yeast shaken 
in a mixture of nitrogen and oxygen alone. In an attempt to find 
the cause of this increase in pH, the content of free phosphate 
was investigated also in these extracts. 10 g. of baker’s yeast 
was washed twdee and suspended in 65 ml. distilled water. The 
suspension was shaken at 25° C. for 70 minutes in a 450 ml. cul- 
ture flask containing 50 % oxygen -f 25 % carbon dioxide d-25 
% nitrogen. Controls were shaken simultaneously in 50 % oxy- 
gen -f- 50 % nitrogen. After the shaking the suspensions were 
cooled and centrifuged. The yeast was suspended in 3 ml. distilled 
water and was heat-fixed immediately, according to the descri'f^ 
tion given in Cliapter V. The lieat-fixed suspensions were centri- 
fuged and the clear extract was precipitated with trichloroacetic 
acid. Estimations from a series of experiments exhibited a free 
phosphate content corresponding to 0.40 — 0.4o mg. P per ml. 
extract from yeast treated without carbon dioxide. The free phos- 
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pKate centent in extracts froin yeast shaken in the gaseo^.p^a^ 
containing carbon dioxide Tvas always 14—16 % lower, wluchds 
in agreement with the preceding e:q)eriments. ^ 


E. Effect on Ammomum Ion Content. 



As was mentioned in Chapter I, Eire and co-workers (1935, 
1941) have shown that after treatment of different parts' of sugaT 
beet plants in an atmosphere containing 20 60 % carbon di- 
oxide, a liberation of ammonium ions was observed, possibly: 
originating from the hydrolysis of amide-nitrogen. In order ;tb 
find whether corresponding reactions occurred in yeaSt, the am-,, 
monia-nitrogen content of the cells was determined after shaking , 
the yeast for 70 minutes in gaseous phases of 50 % oxygen -fSO. 
% nitrogen and 60 % oxygen +50 % carbon dioxide. Sufficient 
material was provided by shaking 8 g. of yeast in 60 ml. 0.059 
M Na-SS buffer, pH 5.1, in a 450 ml. culture flask. The su^ehsion 
was fixed with trichloroacetic acid and neutralized with hydroxide;. 
Distillation of the fixed suspension and the centrifuged e^act; 
after addition of borate buffer to pH 9.2 yielded similar valpes. ' 
The content of ainmonia-nitrogen in baker’s yeast and in yeast 
shaken under aerobic conditions without carbon dioxide /was: 
only 2 — 3 //g. N per g. yeast. After treatment in the atmosphere 
containing carbon dioxide, 3 — 4 fig. N per g. yeast was found. 
Kepeated experiments on distilled extract brought to a pH abbve 
10 by addition of sodium carbonate or hydroxide gave thejsaine- 
low value for the ammonia-nitrogen content. A liberation of aih-;; 
monium ions during shaking of the yeast under aerobic conditions;: 
in an atmosphere containing carbon dioxide is practically, absent . 
within these cells, as seen from the experimental results; i Wliem 
the amount of ammonia-nitrogen was estimated in the; extracts 
of heat-fixed yeast, no significant difference could be; dbserMd, 
in the content of ammonia-nitrogen in yeasts shaken vdthbO '^-: 
oxygen -f- 50 % nitrogen and 60 % oxygen :^ :26',% ‘‘ barbpn 
dioxide -+• 25 % nitrogen in the gaseous phase. Tm; these. extrac^i;' 
the ammonia-nitrogen content was 8 — ^10 ^g..N per;mh-extrac^^ 

E. Effbct on Uptake of UlncoiseJ'^j'C^'y^w^^ 

The effect of carbon dioxide on the bptake of iglucbse by(ba- ■ 
ker s yeast under aerobic conditions was investigated by shalMg;; 
yeast suspensions at 25“ C. in a gaseous; phase :containihg;;6p..:% 




Fig. 17 a. Effect of COj on the uptake of glucose by baker’s yeast under aerobic 
conditions. Yeast concentration 0.83 %. 

(I) Gaseous phase -with 50 % 0- + 50 % Nj. 

(II) Gaseous phase -with 50 % 0, -f 15 % COj + 35 % N.. 



Fi?. 17 1). Effect of CO. on the uptake of glucose by baker’s yeast under aerobic 
conditions. Yeast concentration 0.83 %, 

(I) Gaseous phase with 50 % 0- + 60 % N.. 

(H) Gaseous phase with 50 % Oj + 50 % COj. 
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o-^-gen and 0 %, 15 % or 50 % carbon dioxide. Tbe experiments 
were performed in 450 ml. culture flasks containing 24 ml. of 
jeast suspension with 200 mg. of baker’s yeast in 0.08 M Na-SS 
buffer, pH 5.1, and 50 mg. of glucose. The initial concentration 
of glucose was thus 2.1 mg. per ml. suspension. The amounts 
of glucose in samples of the suspensions were determined at 
intervals. The results are given in Kgs. 17 a and 17 b. 

The figures show that glucose is taken up more rapidly both 
in the presence of 15 % and 50 % carbon dioxide than in the pre- 
sence of 50 % oxygen and 50 % nitrogen, as in the controls. 

Corresponding experiments were carried out also with 50 % 
oxygen -}- 50 •-% nitrogen and 50 % oxygen -f 25 % carbon 
dioxide -f 25 % nitrogen in the presence of 4.5 mg. ammonium 
chloride per 24 ml. suspension. In view of the high rate at which 
glucose is taken up by yeast in the presence of ammonium chlo- 
ride, the uptake of glucose was determined also in the presence 
of half the concentration of yeast, z'tz. 100 mg. baker’s yeast per 24 
ml. suspension. The results of these experiments are illustrated 
in Kg. 18. 



of glucose by baker’s yeast under aerobic 
c nditions m the presence of NH,C1. Yeast concentration 0.83 % in I a and H a 
,T , „ f .42 % in I b and H b. 

(I a) Gaseous phase with 60 % 0, 50 % N,. 

^50 % Oj+ 25 % CO,+ 25 % N.. 

/T^ ^ phase with 50 % O, 50 % N,. ' ‘ 

(H b) Gaseous phase with 60 % 0, -i- 25 % CO, + 25 % N 




mg glucose per ml. suspension 
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As ill tlie preceding experiment, carbon dioxide in the presence 
of ammonium chloride under aerobic conditions causes a more 
rapid uptake of glucose. A microscopical examination of the yeast 
showed that at the end of the experiment (210 min.) the cells 
of both suspensions had clearly started budding. Just as after 



Min 


Fig. 19. Effect of GOj on the up- 
take of glucose by baker’s yeast 
under anaerobic conditions. Yeast 
concentration 0.83 %. 

(o) Gaseous phase -with Nj. 

(+) Gaseous phase udth 25 % COj 
+ 75 % N*. 


the consumption of glucose alone, 
the content of the cells after the 
consumption of glucose in the pre- 
sence of ammonium chloride showed 
in all cases a positive glycogen 
reaction after staining with Lugol’s 
solution. 

Determinations of tbe uptake of 
glucose were also made under 
anaerobic conditions, employing 
trough-shaped Warburg flasks 
containing 2.4 ml. suspension with 
a glucose concentration correspond- 
ing to 3.2 mg. per ml. suspension. 
The gaseous phase consisted either 
of pure nitrogen or 26 % carbon 
dioxide -h 75 % nitrogen. Fig. 19 
illustrates the uptake of glucose 
during shaking of the suspensions 
in the two atmospheres. 

In contrast to the preceding 
experiments under aerobic con- 
ditions, no effect of carbon dioxide 
on the uptake of glucose could be 
detected under anaerobic condi- 
tions. Similar experiments were 
carried out with 2.1 mg. glucose 
per ml. suspension; they led to the 
same result. 

Dor further confirmation of the 
absence of an effect by carbon 
dioxide on the anaerobic turnover 


of glucose, the fermentation carbon dioxide developed was measured 
in the Warburg apparatus.. In experiments performed in a 
nitrogen atmosphere, without and with 25 % carbon dioxide, 
complete agreement was alw'ays found between the curves for 
the carbon dioxide evolved. 
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G. Effect on Uptake of Pyruvic Acid. 

The effect of carbon dioxide on tbe uptake of pyruvic acid 
by baker’s yeast was finally investigated. Since pyruvic acid is 
consumed very slowly by baker’s yeast under anaerobic condi- 
tions (cf. Runnsxrom, Sperbeb and Kablsson 1939), the ex- 
periments were carried out exclusively under aerobic conditions. 
450 ml. culture flasks contained 24 ml. of yeast suspension witb 
400 mg. of baker’s yeast in 0.08 M Na-SS buffer, pH 5.1. In two 
experiments, the amounts of pyruvic acid added wmre 417 and 
623 //mol., respectively, per 24 ml. suspension. The contents 
were shaken in atmospheres without and with 15 % carbon dioxide. 
After periods of 90 and 180 minutes, the amounts of pyruvic 
acid present in the suspension media were estimated. Table 11 
shows the result of these experiments. 

Table 11. 


Effect of CO^ on uptake of pyruvic acid by baker's yeast. 


Composition of gaseous phase 

un 

Amount 

added 

lol. pyruvic acid 

Amount taken up 

after 

90 min. 

after 

180 min. 

50 % 0, 50 % N. 

417 

100 

191 

50 % 0, -f 15 % CO, + 35 % N, .... 

417 

105 

209 

oO % 0, + 50 % N 

523 

84 

147 

50 % 0, 4- 15 % GO, + 35 % N 

523 

88 

165 


The table shows that, when the gaseous phase contained 15 % 
carbon dioxide, a markedly larger amount of pyruvic acid was 
taken up than in the presence of oxygen-nitrogen. This agrees 
well with the ob.servations made by Sperber and Runnstrom 
(1939). In their experiments on the aerobic turnover of pyruvic 
acid by baker s yeast, these authors shook suspensions in War- 
btog vessels with and without potassium hydroxide in the central 
tu e. They found that the consumption of pyruvic acid was gene- 
ra y somewhat higher in the vessels in which carbon dioxide 
was not absorbed. 
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H. Summary of Chapter III. 

From experiments on the effect of carbon dioxide on yeast 
under aerobic conditions it appears that the growth of baker’s 
yeast is already reduced in the presence of 15 % carbon dioxide 
in the gaseous phase. The endogenous respiration of this yeast 
is, however, increased even when relatively high concentrations 
of carbon dioxide are present. Both in baker’s yeast and in fed 
and budding yeasts obtained by pretreatment of baker’s yeast 
the presence of 25 % carbon dioxide initiates a reduction in the 
free phogihate content of the cells. In experiments on baker’s 
yeast, no liberation of phosphate ions into the suspension medium 
can be detected, which might have been caused by the presence 
of carbon dioxide. Nor does the presence of 50 % carbon dioxide 
cause any formation of ammonium ions in the protoplasm. The 
uptakes of glucose and pyruvic acid are more rapid under the 
influence of carbon dioxide. The effect of carbon dioxide on 
the , aerobic metabolism of baker’s yeast is also revealed by in- 
vestigations discussed in the preceding chapter fTable 5) concern- 
ing the formation of alcohol during aerobic fermentation. In 
the presence of carbon dioxide an increased alcohol production 
is observed. 

In contrast to the observations previously mentioned, carbon 
dioxide does not affect the metabolism and the cell constituents 
in yeast under anaerobic conditions. This appears from the fact 
that the free phosphate content in the yeast is independent of 
the concentration of carbon dioxide in the gaseous phase (ex- 
cept in the case of budding yeast). Moreover, the rates at which 
glucose is taken up and fermented by yeast under anaerobic 
conditions are not influenced by carbon dioxide. 

The discrepancies observed between the effect of carbon di- 
oxide under aerobic and anaerobic conditions are further eluci- 
dated by the observations described in the following chapters, 
which concern the ability of yeast to bind carbon dioxide and the 
effect of carbon dioxide on the acidity of the living cells. 



CHAPTER IV. 


Determination of Acid-labile Bound Carbon 
Dioxide in the Yeasts. 

A. Introduction. 

In tlve following account, carbon dioxide liberated by acidi- 
fication from tbe content of cells is denoted as bound carbon 
dioxide. In tbe earlier literature, it was generally assumed that 
bound carbon dioxide largely originated in tbe decomposition 
of bicarbonate. The amount of carbon dioxide liberated from car- 
bonate within the protoplasm can be completely neglected, since 
the cell content is generally more or less nexitral, the content of 
carbonate in the protoplasm therefore being very small. Investi- 
gations performed during recent years on, inter alia, blood cor- 
puscles, have shown, however, that the bound carbon dioxide is 
not only present as bicarbonate, but can also be reversibly bound 
as carbamate and possibly exists in another still unlrnown form 
(see Chapter VI). Whether the bound carbon dioxide in yeast 
also partly originates from other sources than bicarbonate will 
be discussed in Chapter ICC. It may be emphasized here, however, 
that carbon dioxide bound in yeast cannot, without further con- 
sideration, be assumed to originate solely in bicarbonate. 

Determinations of the amount of bound carbon dioxide in, 
for example, blood or muscle tissue are generally based upon gas 
analyses made with VAX Slyke’s apparatus. In this procedure, 
the material is acidified and carbon dioxide is removed by evacu- 
ation; it is subsequently collected and measured manometric- 
ally. (For different modifications of appropriate methods, cf. 
Peters and van Seyke 1932, and Danielson and Hastings 
1939.) Instead of employing any of these methods, the present 
author determined the amount of carbon dioxide bound in yeast, 
using the principle of the Warburg method. The amount of car- 
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bon dioxide expelled from the cells was determined manometric- 
ally by tilting a strong, non-volatile acid into a yeast suspension 
in ec[iiilibrrum with a gaseous phase with a given carbon dioxide 
concentration. l\Tien the cells are rapidly fixed with acid, this 
method permits us to estimate the amount of bound carbon di- 
oxide present in the yeast, despite the endogenous metabolism 
before acidification. This method, furthermore, makes it possible 
to determine the amount of bound carbon dioxide for a given 
physiological state of the cells, e. g. under aerobic or anaerobic 
conditions at any desired carbon dioxide pressure and at any time. 

It is a necessary condition for the determination of the amount 
of bound carbon dioxide in yeast that the yeast is fixed immedi- 
ately after addition of the acid. Consequently, a special investi- 
gation was performed with the aim of finding a suitable acid 
for this purpose. Furthermore, the calculations of the vessel con- 
stants and the checldng of blanks require knowledge of the sol- 
ubility of carbon dioxide in the acid, the SS buffer and the mixture 
obtained after tilting. The necessarv values of the absorption 
coefficients for carbon dioxide were determined. In order to elab- 
orate the final method, various determinations were indispens- 
able, viz. the determination of the appropriate amount of yeast, 
the rate of shaking, and the times of gas passage and shaking 
before the tipping of the acid. A special procedure was developed 
for obtaining reliable blank values. 

B. Method, 

1. Development of the Method. 

In the manometric method, trough-shaped Warburg vessels 
with plane bottom, one side-bulb with a gas outlet stopper, and 
without central tube were employed. The volume of each vessel 
w'as 15 — 17 ml. The main compartment contained 1.50 mi. yeast 
suspension in SS buffer; the bulb contained 0.30 mi. acid. The 
rate of shaking was 100 complete oscillations per minute at an 
amplitude of 4 cm. In all experiments the temperature was 25 C. 
The Warburg flasks were filled with gas during shaking in the 
thermostat, whereby 4 groups, each consisting of 3 flasks con- 
nected in series vuth rubber tubes, were treated with one litre o 
gas mixture per group. The time of gas passage was 20—25 minutes, 
after which period complete gas equilibrium had been reached. 
In all cases, gasometers were used for the treatment (cf. p. 36). 
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a) Choice of Acid for the Fixation of Yeast and the Expulsion of 

Carbon Dioxide. 


Owing to the endogenous respiration and fermentation, a con- 
tinuous change in the gas pressure prevails in the Wakbubg ves- 
sels. In the manometric determination of carbon dioxide, ■ this 
pressure change must be stopped immediately by a rapid fixation 
of the yeast Avith acid. The acid employed should thns have a 
rapid fixing action and should not be volatile, since amounts 
might otherwise distil from the bulb, before the tipping, into the 
yeast suspension in the main compartment, and the manometric 
determination of the pressure might be disturbed. 

In order to determine the rate of fixation, it was investigated 
whether the gas pressure became constant immediately after 
addition of acid to the yeast suspension. In these determinations, 
each flask was supplied with 1.50 ml. suspension containing iOO 
mg. baker’s yeast washed twice with distilled water and suspended 

Table 12. 


Effect of various acids on baher’s yeast. 


Acid 

Concen- 

tration 

after 

tilting 

Time after 
which an- 
aerobic CO.- 
formation 
begins to 
faU off 
(in min.) 

Time elaps- 
ing before 
plasma is 
granular in 
most cells 
(in min.) 

Eemarks 

Sulphuric acid. 
» » . 
Mctaphosphoric 
acid . . .■ 

A73 

2/3 M 

Mj2 
2jB Jl/ 

> 185 
c. 70 

> 135 

> 165 

c. 60 

> 120 
c. 60 

> 100 1 

> 120 j 

> 60 1 

Under aerobic conditions 
during the first 10 min. 
neg. pressure 

Pressure increment in air 
greater than in N, 

Orthophospho- 
ric acid 

Glyceric acid . . 

Trichloroacetic 
acid 

Il/d 

2/3 M 

M/2 

(<10) 

(<10) 

(<10) 

<2 

<2 

<2 

Pressure disturbed by vap- 
our pressure of acids, this 
perhaps affecting yeast 
metabolism 

Jlonochloroace- 

tic acid 

Trichlorolactic 
acid 

Sulpliosalic3"lic 
acid 

M/B 

M/2 

O.Gl M 

<10 

<10 

< 10 

c. 3 
c. 2 

<2 


I’erchloric acid, 
p-toluenesul- 
phonic acid. . 











Fig'. 20. Changes in pressure in manometric determinations of the effect of dif- 
ferent acids on baker’s yeast. Volume of vessel c. 15 ml. 100 mg. yeast per 1.8 ml. 
mixture of yeast suspension and acid. 


——under aerobic conditions. 
(I a) After addition of HjSO^; 

{I b) » » » HjSOi; 

(II) » » » HPO,; 

(iH) » » » H-POij 


» glyceric acid; 


- - - - under anaerobic conditions, 
concentration after tilting V/3. 

» f> » V. 

» » » 2/3 31. 

» » » 31/2. 


2/3 31. 


» 

» 
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in 0.063 M JsVSS buffer, pH 5.1. The bulb contained 0.30 nal. 
acid. 

When seeking an acid suitable for the liberation, of carbon 
dioxide, it Tvas found that most acids did not penetrate and fix 
the yeast cells rapidly enough. Experiments performed with a 
gaseous phase containing air or nitrogen showed that, during 
the time of fixation of the cells, continuous increases in pressure 
were obtained (carbon dioxide production), the duration of which 
agreed well with microscopical observations of the time elapsing 
before the protoplasm was coagulated by the acid. Examples 
are given in Table 12 and Eig. 20. 

It results from Table 12 and the curves that, when moderate 
concentrations of sulphuric acid, ortho- and metaphosphoric 
acids and glyceric acid were used, constant pressure was not ob- 
tained after the first reading, ?. e. 10 minutes after tipping the 
acid. The continuous change in pressure under the influence of 
these acids could be almost completely inhibited by the addition 
of different protein-precipitating substances. A mixture of .mono- 
chloro- and monoiodo -acetic acids with sulphuric acid completely 
removed the pressure change after the first reading period, as 
the concentration of these acetic acids after tipping was 0.017 
N in 0.83 N sulphuric acid. When the halogen-substituted ali- 
phatic acids were used alone, no satisfactorily constant pressure 
was obtained after tipping, despite a presumably very rapid fixa- 
tion of the cells. 

The experiment's were completed by determining the respira- 
tion and carbon dioxide production obtained after tipping sul- 
phuric acid of different concentrations into the yeast suspension. 
In these experiments, two-bulbed conical vessels with a central 
tube for potassium hydroxide or water were employed. The ex- 
periments were performed on 50 mg. baker’s yeast per apparatus. 
The volumes of suspension and acid were similar to those in the 
preceding experiments. 

The curves in Fig. 21 show that, immediately after the tipping 
of the sulphuric acid, increased endogenous metabolism with 
clearly aerobic fermentation occurs. Under the influence of W/6 
sulphuric acid, strong respiration and carbon dioxide formation 
are obtained during the whole period of the experiment. Not even 
in A sulphuric acid is the metabolism of the cells completely in- 
liibited in the first minutes; respiration and carbon dioxide pro- 
duction do not cease until after about 30 minutes. 
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Kg'. 21. Effect of different concentrations of HjSO« on the endogenous metabolism 
of yeast under aerobic conditions. 

— Oj-consumption. '• ■ ■ ■ CO.-formation. 

(I) Without addition of acid (respiratory quotient = 1). 

(11) Concentration of H-SOi after tilting N/d. 

(HI) » » » » » N/3. 

(IV) t> » » * 0 2/3 iV. 

(V) » t> t » » N. 
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The penetration of the acids examined is possibly counteracted 
to a large extent by the coagulate -which, owing to the protein- 
precipitating qualities of the acids, is formed in the cell surface. 
This may explain why metaphosphoric acid is imsuitable for the 
fixation of yeast. More or less "lipid-soluble” acids are best suited. 
■\Vhen the effect of p-toluenesulphonic acid in the final concen- 
tration 0.61 M is compared "with those of '/a M monochloroacetic 
acid and N perchloric acid, all values for bound carbon dioxide 
are approximately equal in experiments performed -with the 
same yeast in an atmosphere of 25 % CO. 4-75 % air. (For 
details of the method, see below. The values are calculated by 
subtracting the blank values obtained when the corresponding 
acids are tipped into if/15 SS buffer alone.) In view of the danger 
that perchloric acid might later prove to react -with the yeast 
and thus initiate possible sources of error, this acid has not been 
used in the following experiments. 

Among the acids investigated, p-toluenesulphonic acid proved 
to be most suited, being a strong, non-volatile, protein-precipi- 
tating and "lipid-soluble” acid. In the following experiments, 
p-toluenesulphonic acid was used exclusively. Before tipping, 
its concentration was 3,64 M (c. 68.9 g. p-toluenesulphonio acid 
(Schebing-EIahlbaum) diluted "with water to 100 ml. The spe- 
cific gravity of the solution was 1,18 at 20° C. The variation in 
values obtained -with different solutions amounted to about 
0.5 %.) MTien a calibrated 1 ml. pipette was used for taking the 
sample, and the acid was titrated "with sodium hydroxide (in- 
dicator; bromocresol green), the values obtained were about 3.0 — 
3.5 % too low, owing to the -viscosity of the solution causing the 
acid to adhere to the pipette-wall. Samples taken with a Krogh 
syringe (0.299 ml.), however, yielded values agreeing well -with 
those from weighed samples. 

After the tipping of p-toluenesulphonic acid, the pressure, in the 
apparatuses was stabilized rapidly. During the experiment, read- 
ings were performed every third minute. When 3,64 ilfp-toluene- 
sulphonic acid was added to the yeast suspension shaken in 
air, in nitrogen or in a gas mixture with 50 % O 2 . -f 25 % CO, -f 25 
/o Is., the pressure in the flasks was already constant after 3 mi- 
nutes. On the other hand, when 1.8 M acid was employed, the 
pressure only became constant after 6 minutes. 
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b) Determination of the Solubility of Carbon Dioxide in the Sus- 
pension Medium. 

In the determination of the amount of hound carbon dioxide 
within the yeast cells in an atmosphere containing carbon di- 
oxide, control experiments showed that when 0.30 ml. 3.64 M 
p-toluenesulphonic acid was tipped into 1.50 ml. Mjlb Na-SS 
buffer, pH 5.1, large positive manometric deflections were ob- 
tained. These were presumably conditioned bv a higher solubi- 
lity of carbon dioxide in either the acid or the buffer than that 
in a mixture of these two liquids. The solubility of carbon dioxide 
was determined both in the buffer, in p-toluenesulphonic acid, 
and in mixtures of these solutions, and the above supposition 
was confirmed. A reliable value for the solubility of carbon di- 
oxide in a mixture of buffer and acid is necessary for an accurate 
estimation of the vessel constants after the tipping of the acid. 

The solubility of carbon dioxide was expressed in the form 
of Bunsen’s absorption coefficient (a). The values obtained were 
determined at 25° C. and give the amount of carbon dioxide in 
ml. (reduced to 760 mm. Hg and 0° C.), dissolved in 1 ml. solvent 
at 25° C. Since the pH of the buffer is 5, a certain amount of 
carbon dioxide originating from bicarbonate is included in the 
value of a for the buffer. This quantity is, however, very small 
at the pH in question. 

The carbon dioxide was determined gravimetrically after ab- 
sorption of the gas in "ascarite”. The solution, the absorption 
coefficient of which was to be estimated, was saturated with chem- 
ically pure carbon dioxide (cf. Chapter H, A) in a test-tube. 
This tube was closed with a stopper provided with an inlet and 
outlet for the gas and a hole for the tip of a Keogh syringe of 
7.12 ml. capacity. The tip of the syringe extended into the hquid 
in the tube. The solution was saturated with gas at a known 
atmospheric pressure in the thermostat at 25° C. by passing 
1.5—2 1. of carbon dioxide from the gasometer for an hour at 
about 40 mm. water over-pressure (initial pressure for the bubbles). 
During the saturation, the syringe was filled with solution and 
cautiously emptied several times. After gas equilibrium w'as 
reached, the syringe was filled with solution and was immedia- 
tely fixed in a test-tube by means of a tight rubber stopper. This 
test-tube was previously coupled into the apparatus for the CO. 
determination (Big. 22). 


7—450995 



98 


KNUT M. BRANDT. 



22* Appflrfltus for tho dctcnniriftt-jon of tho absorption coofficiGiit of COj. 
Sample of the solution in equilibrium -vrith pure CO. was taken with a Kkogh 
syringe (I) subsequently connected to the apparatus. The expelled gas was absorbed 
by “ascarite” in a Pbegl tube (II). 

Before the insertion of the syringe, 0.50 ml. 2 N sulphuric 
acid had been pipetted into the test-tube. The U-tube placed 
before the test-tube contained soda-asbestos in order to remove 
traces of carbon dioxide from the air passed through the sample. 
The subsequent U-tube was filled with COj-treated coarse and 
fine grained calcium chloride for the drying of the gas containing 
the carbon dioxide. At 11, a Pbegl micro-absorption tube was 
inserted, containing "ascarite” and magnesium persulphate and 
a safety-tube containing calcium chloride. The remaining parts 
of the apparatus served to regulate the pressure and the gas flow. 
All joints were treated with paraffin oil in vacuo at 60° 0. In 
order to expel the carbon dioxide from the test solution, the sy- 
ringe was slowly emptied while a weak air stream was passed 
through the contents of the test-tube. After 50 ml. air had passed, 
the test-tube was warmed in a water bath to 40° C. and 200 ml. 
air were led through at this temperature over about 40 minutes. 
The carbon dioxide expelled was absorbed in the micro-absorp- 
tion tube and weighed on the micro-balance. 

a was determined in Na-SS buffer, pH 5, at different dilutions, 
in 3.G4 M and 0.61 M p-toluenesulphonic acid, and in a mixture 
of 1 volume 3.64 M p-toluenesulphonfc acid and 5 volumes ilf/15 
Na-SS buffer. In the calculations of a, the value 22.26 1. was taken 
for the molar volume of carbon dioxide at 760 mm. Hg and 0° C. 
(Guve and Pintza 1908). In all cases, the volume of the sample 
was /.1 2 ml. The weight of carbon dioxide obtained was recal- 
culated for treatment with a carbon dioxide pressure of 760 mm. 
Hg. The a-values obtained in this manner include errors arising 
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from the vapour pressures of the various solutions and possible 
over-pressure during treatment of the solutions vdth carbon di- 
oxide. Corrections for these factors were not made. Por an esti- 
mation of the correctness of the values, the method was tested 
by determining a in water, in NI2 sulphuric acid, and in 3Ij2 
potassium chloride and comparing the values obtained with thos6 
given in the literature. The present determinations were found 
to be about 0.5 % too low as compared with the known values; 
all values determined were therefore raised by 0.5 % in order to 
obtain probable values for a. The mean value for the standard 
deviation a was found to be 0.0028, This value was calculated 
from, the pooled variances in all determinations (see Tisher 
194:4), as there was no reason to suppose different variabilities 
in the different solutions. 

Table 13 shows the value of a determined according to the 
method described above together with corresponding values given 
in the literature. 


Table 13. 

Absorption coefficients of COn- 


Solution 

CO. absorbed 
per sample 
in mg. 

(calculated for 
equilibrium at 
760 mm. Hg 
pressure of CO,) 

25° 

“coj 

Deviation 
from values 
given in 
literature 

Found 

Mean 

Litera- 

ture 


10.63 

0.755 


0.7565 


H,0 


0.755 

0.759 

O.755±0.0009 

(Markham and 
Kobe 1941) 

-0.2 % 


10.61 

0.754 





10.62 

0.755 








0.727 


A 72 H,SO. 

10.09 

10.15 

0.717 

0.721 

0.721±0.0014 

(Geitcken 

1904) 

-0.8 % 


10.17 

0.723 





9.73 

0.691 


0.6937 


iLr/2 KCl 

9.71 

0.692 

O.691±0.OOO9 

(JIaekham and 

— 0.4 % 


9.70 

0.689 


Kobe 1941) 



Table 14 gives the values obtained for a in different dilutions 
of SS-buffer, in p-toluenesulphonic acid, and in a mixture of 
buffer and acid. 














Solution 

CO, absorbed 
per sample 
in mg. 

(calculated for 
equilibrium at 
760 mm. Hg 
pressure of CO,) 

25° 

® CO, 

. 

Found 

Uncorrected 

mean 

Corrected 

mean 

(Correction: 
-f 0.004) 

Mjo Na-SS buffer, 
pH 5 


0.743 

0.742 

0.743 

0.743 ± 0.0004 

0.747 

0.083 M Na-SS 
buffer, pH 5 

10.99 

10.98 

11.04 

m 

0-782 ± 0.0012 

0.786 

Mfih Na-SS 
buffer, pH 5 

■w 

0.786 

0.779 

0.788 

0.783 

0.785 

0.784 ± 0.0015 

0.788 

0.04C If Na-SS 
buffer, pH 5 

■ 

0.784 

0.792 

0.792 

0.791 

0.790 ± 0.0019 

0.794 

jJ//50 Na-SS 
buffer, pH 5 

11.14 

11.10 

11.14 

0.791 

0.793 

0.792 

0.792 ± 0.0006 

0.796 

3.04 M p-toluene- 
sulphouic acid 


0.77G 

0.774 

0.767 

0.772 ± 0.0027 

0.776 

O.Cl If p-toluene- 
sulphonio acid 

10.39 

10.29 

10.35 

0.738 

0.731 

0.736 

0.735 ± 0.0021 

0.739 

1 vol. 3.04 M p- 
toluenesulpbonio 
acid 5 vol. J//15 
Na-SS buffer 

10.17 

10.22 

10.20 

10.17 

0.723 

0.726 

0.725 

0.722 

0.724 ± 0.0009 

0.728 


Fig, 23 sliows tlie variation of Tvitli the dilution of the 
buffer. This variation does not originate in an increased bicar- 
bonate content, which might result from an increase in pH during 
dilution of the buffer. It has been shown previously (cf. Fig. 4) 
that the pH of the buffer increases during dilution in equilibrium 
with air; measurements of the pH of the buffer in equilibrium 
with carbon dioxide in the gaseous phase, however, have shown 
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that, in consequence of the reduction in buffering capacity with 
increased dilution, the pH, as compared to the pH in air, de- 
creases more strongly in the more dilute buffer solutions. The 
increase in pH with dilution is thus compensated and the pH 
values of solutions in a gaseous phase containing carbon dioxide 
remain practically constant. The pH is 5.06 for M/50 Ha-SS 
buffer, and 5.10 for M/15 buffer, in equilibrium with pure carbon 
dioxide at 19° C. 



Fiff. 23. Absorption coefficient for CO. in Na-SS buffer, pH 5, at different buffer 

concentrations. 


c) Definitive Experimental Procedure. 

In manometric estimations of the amount of acid-labile bound 
carbon dioxide in yeast, the Warburg vessel contained 1.50 ml. 
suspension ndth, when not otherwise stated, 200 mg. of baker s 
yeast or the corresponding quantity of another yeast in 0.059 
M Ha-SS buffer, pH 5.1. The bulb contained 0.30 ml. 3.64 M 
p-toluenesulphonic acid. Tor the calculation of the vessel con- 
stants after the tipping of the acid, the above-determined value 
for a *^°5 0.728, was used for the mixture of 1 volume 3.64 M 
p-toluenesulphonic acid -j- 5 vol. M/15 buffer. Owing to the di- 
lution with intercellular water from the yeast, the buffer concen- 
tration in the presence of yeast was lower than M/15, which 
concentration it was originally intended to employ. Errors m the 
calculation of the vessel constants due to the use of the value 
for a in such mixtures may be neglected in experiments with 
0.059 M buffer. Each determination was made in triplicate. 

The experiments were carried out with a gaseous phase con- 
taining air, nitrogen or a mixture of nitrogen and onygen, and 
also in gas mixtures, where part of the nitrogen was replaced by 
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carbon dioxide. In order to ensure a uniform treatment of tbe 
material, air, nitrogen or gas mixture 'was passed, simultaneously 
through all 12 flasks during shaking in the thermostat (25° C) 
for 23 minutes. In the experiments in air, aeration was performed 
in order to remove the main quantity of carbon dioxide developed 
during endogenous respiration of the yeast. This is of importance, 
since the amount of bound carbon dioxide in the yeast in experi- 
ments without carbon dioxide is markedly affected even by a 
low carbon dioxide pressure. 

As will be shown below, the amount of carbon dioxide expelled 
from the cells is dependent upon the endogenous metabolism 
of the yeast, which decreases with time. The period from the pre- 
paration of the solutions to the tipping of the acid was always 
kept as close as possible to 55 minutes. After preparing the sus- 
pension, about 11 minutes were spent in filliug the apparatuses, 
placing them in the thermostat, and preparing the passage of 
gas. Then 5 minutes were devoted to preliminary shaldng, 23 
minutes to the passage of gas, 6 minutes to shaking for the at- 
tainment of complete equilibrium before the first reading. Another 
10 minutes passed before the second readmg was performed, the 
pressure changes being checked in the apparatuses immediately 
before the acid was tipped. The times were so lagged that the 
experiments of the first series of 6 apparatuses could be started 
two minutes before those of the second series. The pressure changes 
were read 10 minutes after tipping, and the constancy of the pres- 
sure was checked after a further 10 minutes. 


2. Experiments with. Gaseous Phase Free Irom Carbon 

Dioxide. 

Blanlis, 

"When p-toluenesulphonic acid was tipped into Af/15 buffer, 
no significant change in the pressure was observed if the experi- 
ments were performed in gaseous phases containing air, nitrogen 
or a mixture of oxygen and nitrogen. No changes in the solubil- 
ity of oxygen or nitrogen in the acid and the buffer before and 
after mixing, nor any contraction or dilatation of the acid during 
dilution with the buffer, factors which might affect the mano- 
meter readings, could be observed (see also Table 16). 
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Experiments with Yeast. 

Table 15 gives tbe mean values for the amounts of carbon 
dioxide found in experiments "witb baker’s yeast and tie pretreat- 
ed yeasts described in Chapter II, B. 


TnWe 15. 

Bound COn in haJcers yeast and in pretreated yeasts. 
Gaseous phase free from CO,. 


Composition of 
gaseous phase 


/tl. CO. per g. yeast 

Baker’s 

Starred 

Fed 

Budding 

Dried yeast 

yeast 

yeast 

yeast 

yeast 

(unwashed) 

40 

20 

60—80 

100—150 

20 

45 

40 

15 


— 

20 

30 

25 

— 

^9 

— 

■ 

20 

15 

40 

50 

35 


50 % 

% 
O' 

/o 

O' 

/a 

O' 

/o 


20 

10 

5 

2 


O,. 

0,- 

0 . 

0*- 

0, 


■ 50 % N, 

■ 80 ■ ■■ 

-90 


% 

- % N, 
h 95 % N, 
f- 98 % N, 
100 


/o 

O' 

/O 


The amount of carbon dioxide expelled from the cells varies 
greatly in experiments -vrith fed and budding yeasts under aerob- 
ic conditions. The experiments reveal that the amount of bound 
carbon dioxide is rather small, as the gaseous phase is practically 
free from carbon dioxide. It appears clearly from the table that, 
apart from the case of dried yeast, less carbon dioxide vas bound 
in anaerobic than in aerobic experiments, a result which was 
confirmed by all subsequent experiments. 


3. Preliminary Experiments in the Presence of Carbon 

Dioxide. 

Blanks. 

"Wlien the apparatuses are filled with gas mixtures containing 
carbon dioxide, an increase in the gas pressure is obtained after 
tipping of 0,30 ml. p-toluenesulphonic acid to 1.50 ml. ilf/15 
Na-SS buffer, pH 5.1, as the solubility of carbon dioxide in the 
mixture is lower than in the acid and in the buffer. The amounts 
of carbon dioxide expelled from the mixture due to changes m 
a are seen in Table 16. 

No significant difference was observed between the values 
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Table 16. 

Blanks. III. CO., expelled after mixing of 0.30 ml. p-ioluenesulplionic 
acid and 1.50 ml. M/J5 Na-SS buffer. 


Composition of gaseous phase 

/il. CO, after 
tilting 

Number of 
determinations 

an 0 / nn. m nir 

55.1 ± 0.5 

55.8 ± 0.5 
55.3 ± 0.5 

28.6 ± 0.3 

27.8 ± 0.4 

6.8 ± 0.3 

16 

11 

9 

10 

4 

6 

rin o/ nn • .'in w. n 

no 0 / no o- fin o-i N’ 


or-. o/_ nn a. Tn o/. N 

.f) CO. -1-95 % air 



obtained in experiments witb tbe gaseous phase containing mix- 
tures of carbon dioxide with air, oxygen or nitrogen indifferent 
concentrations. The amount of carbon dioxide given off is pro- 
portional to the concentration of carbon dioxide in the gaseous 
phase. In the present experiments, the variations in the air pres- 
sure were not considered, since their effect lay within the limits 
of accuracy of the method. Measurements performed at an air 
pressure 15 mm. Hg above or below the normal pressure might 
change the experimental values for 50 % carbon dioxide in the 
gaseous phase by about 1 /il. When calculations were made of 
the amounts of carbon dioxide liberated through changes in a 
after tipping, employing the values for a determined for the buf- 
fer, the acid, and a mixture thereof, in equilibrium with a gaseous 
phase containing 50 % carbon dioxide, the following values were 
obtained: 

Vo (1,600 • 0.788 -f 300 • 0.77G — 1,800 • 0.728) = 62.2 /il.COa 
calculated for 0’ C. and 760 mm. Hg. 

These calculated values are in good agreement with the values 
found. Only a small variation in the values of a is necessary to 
cause a deviation in the calculated amounts of carbon dioxide 
of several /d. from the original value. 

The amounts of carbon dioxide evolved in the presence of yeast, 
in experiments with atmospheres containing carbon dioxide, 
proved to be too high in view of the carbon dioxide development 
in the blanks and had therefore to be corrected for the blank 
\alues. In the experiments with yeast in a gaseous phase with 
various contents of carbon dioxide, the blank value of 55 ^1. 
CO, obtained from determinations in an atmosphere with 50 % 
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carbon dioxide ^as used as a preliminaiy basis for tbe correction 
of the carbon dioxide values measured. As vill be shovm below, 
however, the blank value is somewhat greater in the presence 
of yeast. 

In order to check Avhether moderate variations in the concentra- 
tion of p-toluenesulphonic acid had a noticeable effect on the blank 
value, experiments with three different concentrations of acid 
were performed. Table 17 shows the amounts of carbon dioxide 
given off from the solutions after the tipping of 0.30 ml. p-tolu- 
enesulphonic acid into 1.50 ml. M/15 Na-SS buffer, pH 5.1 (means 
of 4 determinations). The gaseous phase contained 50 % carbon 
dioxide and 50 % air. 


Table 17. 

Effect of variations in the p-ioluenesulphonic acid concentration on 

the blank value. 


j p-toluenesulphonic acid 

Blank value 
ft 1. CO. 

Concentration 
before tilting 

Relatire 

concentration 

3.53 .V 

97.0 

52 

3.C4 Jf 

100 

55 

3.S4 Jf 

105.5 

58 


A change of 1 % in the concentration of p-toluenesulphonic 
acid causes an error in the blank value of 1 /d. COg at the most, 
despite the use of as high a concentration of carbon dioxide as 
50 % in the gaseous phase. Since the variation in the concentra- 
tion of p-toluenesulphonic acid in subsequent experiments was 
no more than about 0.5 %, this error may be neglected. 


Exferhnents tvitJi Yeast. 

Tables 18 a and b show, as typical examples, the results of 
two experiments in which the amount of bound carbon dioxide 
in baker’s yeast was estimated. One of them (a) was carried out 
in a gaseous phase with constant oxygen concentration and vary- 
ing carbon dioxide concentration, the other (b) with constant 
carbon dioxide concentration and varying oxygen concentration. 

It results from Table 18 a that in experiments with the gaseous 
phase containing carbon dioxide and a high oxygen concentration, 
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Table 18. 

Bound COo in bakers yeast. 

Yeast suspension: 4 g. baker’s yeast, -vrashed three times, + 16 ml. ilf/lO Na-SS 
buffer, pH 5.1, + 10 ml. distilled -water. 

1.50 ml. yeast suspension containing 200 mg- yeast + 0.30 ml. p-toluenesulphonic 
acid per sample. Different yeast samples -were employed in experiments a and b. 


a) 



ft 1. CO, after tilting 

Blank 

value 

fih CO, 
per 200 
mg. yeast 
♦) 

Composition of gaseous phase 

Single 

determina- 

tion 

Mean 

«1. CO, 
(uncor- 
rected) 

.50 % 0. 4- 50 % N. 

8 

8 

8 

0 

8 


9 

50 % 0, + 10 % CO, -h 40 % N, 

48 

47 

49 

48 

11 

37 

50 % 0, + 25 % CO, -f 25 % N, 

99 

99 

99 

99 

28 

71 

50 % 0, + 50 % CO, 

162 

162 

163 

55 

108 


164 


b) 



81 




50%CO,-f l%0,-f49%N, 

80 

80 

55 

25 

78 




50 % CO, -k 15 % 0, -k 35 % N, 

147 




147 

146 

55 

91 


143 



50 % CO, -k 25 % 0, -k 25 % N, 

164 




160 

162 

55 

107 


162 



50 % CO, -k 50 % 0, 

167 

171 

169 

65 

114 



168 




*) After preliminary correction. 


a Strong binding of carbon dioxide occurs, ivbicb increases -with 
increasing carbon dioxide concentration. In a gaseous phase con- 
taining 50 % carbon dioxide, the yeast is not yet "saturated” 
■with that gas. 
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The experiments summarized in Table 18 b were performed 
with a gaseous phase having the relatively high carbon dioxide 
content of 50 %. Just as in the experiments in air and in nitrogen, 
the amount of bound carbon dioxide in the cells is highly dependent 
on the oxygen concentration in the gaseous phase. The amount 
of carbon dioxide is reduced with decreasing oxygen concentration. 


Table 19. 

Bound COn in starved yeast. 

1.50 ml. yeast suspension containing 200 mg. starved j-east 0.30 ml. p-toluene- 
eulphonic acid per sample. Different yeast samples were employed in experiments 

a and b. 

a) 


Composition of gaseous phase 

ft 1. CO, after tilting 

Blank 
value 
y\. CO, 
(uncor- 
rected) 

nl. CO, 
per 200 
mg. yeast 

Single 

determina- 

tion 

Mean 

50 % 0, + 50 % N. 

3 

5 

4 

4 

0 

4 

■ 

1 

19 

20 

20 

20 

11 

9 

50 % 0. + 25 % CO, + 25 % N, 

44 

43 

46 

44 

28 

16 

50 % 0, + 50 % CO, 

83 

85 

82 

83 

55 

' 

28 


b) 


50 % CO. -t- 50 % N. ....... . 

67 

66 

68 

67 

55 

12 


50%CO,-f 1 % 0, -f 49 % IS-, 

71 

72 

70 

71 

55 

16 

60 % CO, -f 25 % 0, -f- 25 %N, 

81 

84 

83 

55 

28 

Fin 0 / nn j- .Fin o/. O 

82 

86 

87 

85 

55 

30 



•) After preliminary correction. 
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iUO 

In order to obt ain tie maximum amount of bound carbon dioxide 

aUbe carbon dioxide concentration in question the oxypn con- 
tLt of air is insufficient under tie experimental conditaons pre- 
vailing. Not even with a gaseous phase contaming 25 /o oxygen 
Ttbe optimum amount of carbon dioxide bound In all experi- 
ments sLlar to that in Table 18 a, an atmosphere contaming 
50 % oxygen was used in order to eliminate or to reduce the m- 
fluence of the oxygen concentration on the bindmg of carbon 
dioxide; the oxygen concentration necessary for mammum car- 
bon dioxide binding at all carbon dioxide concentrations in the 
gaseous phase was considered to be attained (cf. exceptions be- 


In corresponding experiments with starved yeast, a remarkably 
smaller amount of bound carbon dioxide was found in the yeast. 
The examples given in Tables 19 a and b show that the amoimt 
of bound carbon dioxide in this yeast clearly increases with in- 
creasing oxygen concentration in the gaseous phase. 


4. Sources of Error and Con-ection of Blank Values. 

In order to ascertain whether "gaseous equilibrium”, i. e. a 
minimum of lag in the gas exchange, prevailed at the moment 
of tilting, when the method described above was used, experiments 
were performed at different rates of shaking. Table 20 shows 
the results of two experiments with baker’s yeast imder both 
aerobic and anaerobic conditions, where the apparatuses were 
shaken at different rates. 


Table 20. 

Conirol of "gaseous equilihrium” in the apparatuses at different 

rates of shaking. 

Total amount of CO. in «1., obtained after fixing of 1.50 ml. suspension containing 
200 mg. baker’s yeast with 0.30 ml. p-toluenesulphonic acid. Apparatuses filled 
with gas during shaking at 96 complete oscillations per minute. Experiments I 
and II were performed on different yeasts. 



^ . ! 

1 ^ 

Composition of gaseous phase 

Bate of shaking 10 min. before tilting 

(Complete oscillations per minute) 

1 

64 

120 

102 

130 

50 % 0, -f 25 % CO, + 25 % N. 

93 

95 

100 i 

102 

25 % CO, 75 % X, i 

40 ! 

1 40 

1 43 

! 44 









METABOLIC EFFECT AND BINDING OP CARBON DIOXIDE. 109 

T]ier,j is no significant difference between the pairs of values. 
Tbe rate of sbaking (100 complete oscillations per minute) used 
in tbe other experiments can be regarded as sufficient to secure 
"gaseous equilibrium". 

In the determination of the amount of bound carbon dioxide 
in yeast, a metabolism occurs within the cells, during the period 
before the tilting of the p-toluenesulphonic acid, which causes 
pressure changes in the apparatuses. The errors originating from 
these changes are, however, very small. Table 21 illustrates the 
order of magnitude of the somewhat varying pressure changes oc- 
curring during the 10 minutes immediately before tilting in experi- 
ments with a gaseous phase of nitrogen or a mixture of nitrogen 
and increasing concentrations of oxygen, taking no account of the 
concentration of carbon dioxide in the mi.xture. In the presence 
of higher concentrations of carbon dioxide, somewhat larger pres- 
sure changes are obtained in experiments under aerobic condi- 
tions than when only mixtures of oxygen and nitrogen are used, 
a phenomenon which, however, is of minor importance for the 
estimation of possible errors originating in the pressure changes 
observed. 

Table 21. 

Pressure changes in mm. Brodik soluiion during the last 10 minutes 
before tilling of p-ioluenesidphonic acid. 

200 mg. baker’s yeast per apparatus. 


Gaseous phase with 

Baker’s 

yeast 

Starved 

yeast 

Fed 

yeast 

Budding 

yeast 


-1- 4 

+ 1 

-f 32 

-f 30 


— 11 

— 2 

— 25 

-20 


— 11 

— 3 

— 40 

— 40 

50 % 0, 

— 11 

— 3 

— 30 

— 30 1 


The readings and the tilting of p-toluenesulphonic acid were 
always performed by two persons, more than 6 apparatuses never 
being used simultaneously. The interval between reading and tilting 
was 30 seconds at the most. During this period, a pressure change 
of 1/20 of the values given in the table was obtained. It results 
from Table 21 that only in experiments with fed and budding 
yeasts are the errors noticeable. In view of the pressure changes 
before tilting under anaerobic conditions, the amount of carbon 
dioxide thus measured in 200 mg. of these yeasts is 1 2 too 
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high, while under aerobic conditions it is 1 2 fil. too low. In 
subsequent determinations, however, the values obtained were 
not corrected unless otherwise indicated. 

Corrections for varying barometric pressure in the different 
experiments were only performed in the cases of exceptionally 
low or high barometric pressures. If, for example, the barometric 
pressure is 16 mm. Hg lower or higher than normal (7G0 mm. Hg), 
a deflection of 100 mm. Brodie solution corresponds to a value 
which deviates by about 2 /d. from the normal value. This devia- 
tion is, however, considerably smaller than the variations of the 
amount of bound carbon dioxide in the yeast. In contrast to the 
errors caused by the alterations of pressure before tilting, an 
error is found in the same series of experiments which tends in 
the same direction both under aerobic and anaerobic conditions. 

A source of error in the determination of the amount of bound 
carbon dioxide in yeast, primarily noticeable in experiments 
with a gaseous phase -with a low carbon dioxide concentration, 
is the production of carbon dioxide during endogenous meta- 
bolism in theperiodfrom the stopping of the gas flow to the moment 
of tilting. During this period, which lasts for an average of 17 
minutes, a concentration of carbon dioxide somewhat lower than 
1 % was obtained in the gaseous phase in experiments with 
baker’s yeast under aerobic conditions. The corresponding values 
for fed and budding yeasts amount to c. 1.5 to 2 %. The change 
in the carbon dioxide content in the gaseous phase obtained 
under anaerobic conditions can, however, be neglected. Measure- 
ments in the presence of low carbon dioxide concentrations 
were corrected for the increase in the carbon dioxide concentra- 
tion in the gaseous phase under aerobic conditions by the con- 
struction of graphical mean curves (Kgs. 32 a and b). 

The blank values determined with a gaseous phase containing 
carbon dioxide do not permit a quite exact correction of the meas- 
urements of carbon dioxide bound in yeast. As emphasized 
previously, the concentration of the buffer before tilting in the 
presence of yeast is 0.059 31 instead of 3ijl5, this latter concen- 
tration being employed for the determinations of the blank values. 
The value of in the yeast cell presumably deviates from the 
a values of the buffer; this fact causes a discrepancy between 
the total amount of carbon dioxide dissolved in the suspension 
before tilting and the amount dissolved in the ilf/15 buffer used 
in the determination of the blank values, as described above. It 
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may, furtliermore, be assumed that tbe solubiHty of carbon di- 
oxide in tbe mixture of buffer and p-toluenesulpbonic acid is 
influenced by tbe content of fixed yeast. Tbe supposition that 
cco, after tilting does not deviate markedly from tbe a value 
previously determined for tbe acid-buffer mixture is supported 
by tbe fact that a difference in tbe amount of carbon dioxide 
measured in tbe yeast cannot be detected when different vessel 
volumes are used (15 and 17 ml.). 

In order to determine tbe true blank values to be subtracted 
from tbe amount of carbon dioxide obtained in tbe presence 
of yeast in a carbon dioxide containing atmosphere, experiments 
were performed vutb varying amounts of yeast. If tbe presence 
of yeast does not influence tbe blank values measured previously, 
tbe amount of carbon dioxide measured in tbe yeast should be 
a linear function of tlie amount of yeast. Since, with varying 
amounts of yeast, tbe possible effect of tbe yeast content upon 
a in the final mixture cannot be assumed to be constant, a minor 
deviation from the straight line can be expected. If tbe values 
obtained arc included in a coordinate system, tbe amounts of 
carbon dioxide expelled (in /d.) being plotted as ordinates against 
the quantities of yeast (in mg.) as abscissae, tbe tangent to tbe 
curve at the point corresponding to 200 mg. of yeast should meet 
the y-axis at tbe corrected blank value. 

The measurements ivere performed on baker’s yeast and starved 
yeast both under aerobic and anaerobic conditions in tbe pre- 
sence of 50 % carbon dioxide in tbe gaseous phase. In all cases, 
tbe concentration of the buffer rvas 0.059 31 (corrected for dif- 
ferent amounts of intercellular water originating from different 
quantities of yeast employed). Fig. 24 shows tbe curves obtained 
from which the probable true blank value was estimated graphi- 
cally. Despite tbe difference in tbe amounts of bound carbon 
dioxide in the yeasts employed, tbe same blank value should be 
obtained in all cases. It is seen from tbe curves that this was tbe 
case. If the measurements were performed imder anaerobic con- 
ditions, tbe amounts of bound carbon dioxide in the cells were 
small as compared to tbe blank value. This contributes to a more 
accurate determination of tbe latter. This result is based not only 
on the weak slope of tbe curve towards tbe y-axis, but also on 
tbe fact that tbe small amount of carbon dioxide within the cells 
does not noticeably increase tbe carbon dioxide pressure in tbe 
gaseous phase after tilting. Tbe blank value obtained from tbe 
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Fig. 24. Graphical determination of the blank value in measurements of boimd 
COj in yeast. 0.30 ml. 3.G4 M p-toluenesulphonic acid -f 1,50 ml. suspension 
with varying amounts of yeast in 0.059 31 Na-SS buffer, pH 6.1. The tangents of 
the curves for total amount of COj through the points corresponding to 200 mg. 
yeast meet on the y-axis at the blank value valid for 200 mg. yeast and a gaseous 
phase with 60 % COt {= 61 1.). 

(1) In the presence of baker’s yeast. Gaseous phase with 60 % Oj + 50 % COj, 
(II) In the presence of starved yeast. Gaseous phase with 60 % Os + 50 % COi. 

(III) In the presence of baker’s yeast. Gaseous phase with 50 % Ns + 60 % CO,. 

(IV) In the presence of starved yeast. Gaseous phase with 50 % N, 50 % CO,. 

measurements was 61 /il. carton dioxide, valid in the presence 
of 200 mg. of yeast and 50 % carbon dioxide in the gaseous phase. 
The blank values valid at different carbon dioxide concentra- 
tions were obtained from the above value, assuming propor- 
tionality with the carbon dioxide concentration (cf. Table 16). 

Using Na-SS buffers with different pH values or K-SS and 
Ca-SS buffer, pH 6, the blank value was determined in an analo- 
gous manner. In buffers with pH about 5,5 and 6, at equilibrium 
tvith a gaseous phase containing carbon dioxide, the pH decreases 
to varying extents with different concentrations of carbon dioxide 
(cf. Table 3). Determinations of the blank value in experiments 
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with these buffers were therefore performed, using the same con- 
centration of carbon dioxide as in the determinations of bound 
carbon dioxide in yeast. In experiments -with buffers of different 
pH values, the calculations of the bound carbon dioxide "were 
inadc vdth the same vessel constants as in e^eriments -with 
hTa-SS buffer, pH 5.1. Errors involved in this procedure should 
be negligible. 


C. Determinations. 

1. Treatment of tlie Measurements. 

In the following description, the amounts of bound carbon 
dioxide in different yeasts under various physiological conditions 
are generally represented by curves. The values given are the 
means of three simultaneous determinations and are corrected by 
the blank value for the concentration of carbon dioxide employed. 

The carbon dioxide binding was examined partly at a constant 
oxygen concentration and different concentrations of carbon 
dioxide in the gaseous phase, and partly at constant carbon di- 
oxide concentration and different concentrations of oxygen. For 
practical reasons, the number of determinations carried out 
.simultaneously was not sufficient to establish accurately the 
complete courses of the curves. The amounts of carbon dioxide 
or oxygen in the gas mixtures were therefore varied in such a 
way as to give measurements either scattered over the whole 
range of the curve or collected within a certain region, where 
the variations in the gas mixtures had to be made within narrow 
limits for a precise determination of the curve. In dra%ving the 
curves, the courses of adjacent regions in other experiments were 
also taken into consideration. The different measurements refer 
to yeasts available at various seasons of the year. The scattering 
of the values observed in different experiments may therefore 
largely be explained by the previously discussed variations in the 
initial yeast, 

2. Acid-lnhlle Bound Carbon Dioxide in Baker’s Yeast. Effect 

of Aerobic Starvation, Alteration of the pH value in the 
Suspension Medium, and Irradiation. 

Fig. 25 represents the amoxmt of carbon dioxide bormd in 
baker’s yeast and in starved yeast in the presence of 60 % oxygen 
and different concentrations of carbon dioxide in the gaseous 
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phase Table 18 a has already shown that, in experiments on 
baker's yeast, the amount of bound carbon dioxide strongly in- 
creases with increasing concentration of .carbon dioxide (curves 
I in Fig. 26). When, before the start of the es^eriment, bakerfs 
yeast is shaken under aerobic conditions for 30 minutes, a minor 
quantity of carbon dioxide is bound by the yeast (curve II). 



Fig. 25. Bouud COj in baker’s yeast and starved yeast. Gaseous phase mth 
50 % 0, and varying amounts of COj. 

(I) Baker’s yeast. 

(II) Baker’s yeast shaken jn air for 30 min. 

(in) Starved yeast. (The values are lower than are usually obtained, c.y. the 
mean value for a gaseous phase with 60.% 0. + 50 % CO* is 146 fi\. 
per g. yeast.) 

With a gaseous phase containing 0 — 10 % carbon dioxide, this 
curve is practically linear. As already emphasixed previously, 
the amount of hound carbon dioxide in the cells after starvation 
of the yeast is markedly less than in baker's yeast, increasing but 
slowly w^ith increasing concentration of carbon dioxide in tbe 
gaseous phase (curve III). 

The amount of carbon dioxide bound in baker's yeast under 
both aerobic and anaerobic conditions decreases during shaking 
of the suspensions in jJf/15 Na-SS buffer, pH 5.1. Table 22,gives 
the amoimts of carbon dioxide determined in the presence oT 
50 % carbon dioxide in the gaseous phase. 
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Table 22. 

Bound COn in [.tl. per g. bakers yeast shahen in air at 25° C for 
different periods before the beginning of the determinations'. 


Composition 
of gaseous phase 

Time of aeration (in hours) 

0 

V. 

2’A 

6 

22 

46 

50 % CO, + 50 % 0, 

495 

80 

390 

325 

55 

120 

35 

25 

50 % CO. + 50 % N, 



In order to investigate whether the carhon dioxide binding 
in the presence of high concentrations of carbon dioxide in the 
gaseous phase and under aerobic conditions was reversible, two 
suspensions of baker’s yeast were shaken in small culture flasks 
for 45 minutes at 25° C. before the commencement of the measure- 
ments. One of these suspensions was shaken with a gaseous mix- 
ture of 50 % O 2 -}- 50 % Nj, the other with 50 % O 2 -f 60 % COa. 
The yeasts were centrifuged off immediately, washed twice with 
distilled water, and suspended in Na-SS buffer, pH 6.1. The 
amounts of carbon dioxide bound in the yeasts were determined 
in a gaseous phase containing 0 % and 50 % carbon dioxide* 
The results of these experiments are given in Table 23. 

Table 23. 


Reversibility of CO^-binding in bakers yeast. 


Composition 
of gaseous phase 

/il. CO. per g. yeast 

Yeast pretreated vith 

Yeast pretreated with 


60 % 0, + 50 % N. 

50 % 0, + 50 % CO, 

50 % 0, + 50 % N, 

30 

35 

50 % 0. f .50 % CO, 

395 

430 


The table makes it clear that carbon dioxide bound by the 
yeast during pretreatment at high carbon dioxide pressure is 
liberated anew during subsequent shaking in a COa-free gaseous 
phase. The residual amount is practically the same in yeast pre- 
treated in the absence of carbon dioxide. The amount of carbon 
dioxide bound in experiments with a gaseous phase containing 
50 % carbon dioxide is somewhat greater in yeast pretrea,ted in 
the presence of carbon dioxide than in the control experiment. 
This difference may be due to an increased metabolism during 
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pretreatment in an atmosphere containing carbon dioxide, and 
to a presumably increased pH of the protoplasm (cf. Chapter V). 

The effect of the pH of the suspension medium on the amount 
of bound carbon dioxide in the yeast rras examined, using Na-SS 
buffers of different pH values (cf. Chapter II, A). The measure- 
ments were performed on baker’s yeast with gaseous phases con- 
taining 50 % Oa -f 25 % COj -f 25 % Nj and 50 % 0^ + 50 % 
COj. The values were calculated on the basis of blank values 
determined graphically for different buffers in the presence of 
yeast and at the carbon dioxide pressures of the actual experi- 
ments. Fig. 26 shows the dependence of carbon dioxide binding 
on the pH of the suspension medium, when the composition of 
the gaseous phase was 50 % Oj 25 % CO 2 -}- 25 % N 2 . The 
pH values plotted in the curves refer to the initial values of the 
buffer and thus are not corrected for the rather small decrease 
in pH obtained in the suspensions at equilibrium with a gas 
mixture containing 25 % carbon dioxide The values for bound 
carbon dioxide found at pH 5.1 are somewhat lower than those 
generally obtained. The points indicated with similar signs re- 
present measurements performed simultaneously on the same 
yeast. 



Fig. 2C. Bound CO, in baksr’s yeast suspended in Na-SS buffer with different 
pH values. Gaseous phase with 50 % 0. + 25 % CO. -f 25 % N,. 

It results from the experiments that the amoimt of hound 
carbon dioxide is dependent on the pH of the suspension medium. 
Maximum binding is obtained at about pH 5.0— 5.5. Similar 
results were obtained in experiments on baker’s yeast with a 
gaseous phase containing 50 % O 2 -f 50 % CO 2 . 

The dependence of the carbon dioxide binding on the pH of 
the suspension medium may also be estimated rvithout graphical 
determination of the different blank values, 'When we base the 
corrections on the total amounts of carbon dioxide expelled under 
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anaerobic conditions from suspensions of starved yeast in corre- 
sponding buffers, we fmd a dependence on pH identical with that 
described above. Since tbe ability of starved yeast to bind car- 
bon dioxide under anaerobic conditions is very small, a possible 
change in tbe amount of carbon dioxide bound in tbe cells during 
variation of tbe pH in tbe suspension medium can affect but 
slightly tbe total amount of carbon dioxide eqielled. At different 
pH \alues this amount is increased in almost equal amounts and 
all values of bound carbon dioxide thus corrected are consequently 
somewhat too low. 

Investigations were carried out ivitb tbe aim of elucidating 
whether tbe amount of carbon dioxide bound in baker’s yeast 
varied when the treatment was performed in tbe dark and during 
exposure to visible light. Six apparatuses were irradiated with 
three 200 "W lamps which were cooled with running water in 
special troughs with glass fvmdovrs and placed in the thermostat. 
Tbe irradiation was maintained from tbe beginning of tbe passage 
of gas until the end of the experiment. Six apparatuses shaken 
aimultancously in tbe dark were wrapped in black cloth. Table 
24 shows the values from two such experiments at 25° C. with 
200 mg. of yeast in Na-SS buffer, pH 5.1, per apparatus. There 
is obviously no significant difference between tbe carbon dioxide 
binding in visible light and that in the dark. 

Table S4. 


Bound COn in bakers yeast in light and in dark. 


Composition of gaseous phase 

ft 1. CO, per g. yeast 

In light 

In dark 

25 % CO, 4- 75 % N, 

60 


25 % CO, •4- 10 % 0, 4- 65 % N, 

200 


25 % CO, 4- 50 % 0. 4- 25 % N, 

325 

330 


The change in the amount of carbon dioxide bound by baker’s 
yeast and starved yeast in experiments performed with a gaseous 
phase containing different amounts of oxygen, but constant con- 
centrations of carbon dioxide, is shown in Fig. 27. Sfeasurements 
were carried out on baker’s yeast with gaseous phases containing 
10, 25 and 50 % carbon dioxide. In all cases a strong increase 
in the amount of bound carbon dioxide was observed when the 
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ox}’gen concentration ■'i^as raised from 0 % to c. 20 %. A further 
oxygen increase in the gaseous phase, however, affected only 
slightly the amount of carbon dioxide hound. In experiments 
on starved yeast (curve I), it was also found that the amomt of 
bound carbon dioxide yas dependent on the concentration of 
oxygen in the gaseous phase. 



Fig', 27. Bound CO, in baker’s yeast. Gaseous phase with constant CO, concentra- 
tion (10, 25, and oO % CO.) and varying amounts of 0.. The points A refer to 
mcasuremciits on the same yeast saiinple with 0, 10, 25, and' 60 % CO, in the 

gaseous phase, 

(I) Bound CO, in starved yeast. Gaseous phase vrith 50 % CO,. 


3, Carbon Dioxide in. Fed Yeast. Keversibility of Starvation 

Effect. 

rig. 28 shows the amount of carbon dioxide bound in fed yeast 
in experiments with gaseous phases containing 50 % oxygen 
and different amounts of carbon dioxide. The curves indicate 
that, for gaseous phases containing 0 — 30 % carbon dioxide, the 
amounts of hotmd carbon dioxide are approximately equal to those 
obtained in experiments on baker’s yeast. At higher concentra- 
tions of carbon dioxide, however, much more carbon dioxide is 
bound in fed yeast than in baker’s yeast under corresponding 
conditions. An increase in the carbon dioxide concentration from 



METi:VBOIjIC EFl-'ECfT AKD BINDING OP C^iKBON DIOXIDE. 119 



FIjT. S8. Boaud CO, in fed yc.ist. G.-xscoiis phnse with uu % O.and varv-ing .amounts 

of CO,. 

(1) Yc-nat fed after starvation. Otlier curvc.s: fed yeast. 


3(1 — 10 % involves, moreover, a definitely more rapid inerease 
in the amount of bound carbon dio.xide than does a corresponding 
change at a lower concentration of carbon dioxide in the gaseous 
phase. Thi.s might bo attrilnited to the fact that it is only at 
high carbon dioxide concentrations that fed yeast binds the maxi- 
mum amount of carbon dioxide in the presence of 50 % oxygen. 
The ineasurcmont.s reiire.scnted in Kg. 29 confirm this supposi- 
tion, as they clearly show that for gaseous phases containing 10 % 
and 25 % carbon dioxide the amount of bound carbon dioxide 
in fed yeast is greatest in the presence of about 30 % oxygen. 
In the presence of 50 % enrhon dioxide, however, maximum 
binding is first reached at an oxygen concentration of 40 — 50 %. 

'i'lie curves for bound carbon dioxide in fed yeast are thus 
inarkedl}^ different from those obtained in experiments on bakers 
yeast with respect to variations in tin concentration of both 
carbon dioxide and oxygen in the gaseous phase. This effect of 
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Fig. 28. Bound CO, in fed yeast. Gaseous phase ■with constant CO, concentration 
(10, 25, and 60 % CO,) and varying amounts of 0,. 

feeding on carbon dioxide binding also appears from measure- 
ments on a yeast, fed after starvation, witb a gaseous phase con- 
taining 50 % oxygen and different amounts of carbon dioxide 
(Fig. 28, curve I). The reduced power of binding carbon dioxide, 
typical of starved yeast, is obviously reversible.* 

Experiments were also carried out on baker's yeast fed rmder 
practically anaerobic conditions, (Initial composition of gaseous 
phase 99 % Nj -f 1 % 02.) With a gaseous phase containing 
25 % carbon dioxide and 0 — ^20 % and 50 % oxygen, the same 
values for bound carbon dioxide were found as in esperiments 
on yeast pretreated with glucose under aferobic conditions. How- 
ever, the maximum seen in Fig. 29 in the presence of 20 — 40 % 
oxygen is absent, the course of the curve being fairly even. It is 
therefore assumed that the maximum in bound carbon dioxide, 
observed during a variation in the oxygen concentration at a 
constant, moderate carbon dioxide concentration, originates from 
pretreatment under aerobic conditions. 
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4. Carbon Dioxide in Budding Yeast. 

Pig. 30 shows the amoirats of carbon dioxide hound in budding 
yeast with gaseous phases containing 50 % oxygen and different 
amounts of carbon dioxide. When these values are compared 
.with those for carbon dioxide bound under corresponding con~ 



Fig. 80. Bound CO, in budding yeast. Gaseous phase with 50 % 0, and vaiying 

amounts of CO,. 

ditions in baker’s yeast and fed yeast, it is clear that budding 
yeast binds much larger amounts of carbon dioxide than the other 
yeasts. "When the gaseous phase contains 50 % carbon dioxide 
and 40 — 50 % oxygen, only fed yeast is capable of binding as 
much carbon dioxide as budding yeast imder analogous condi- 
tions. 

The dependence of carbon dioxide binding on the o:^gen con- 
centration (Fig. 31) indicates, however, that the amoimt of car- 
bon dioxide botmd in budding yeast is greater than in bakers 
yeast and in fed yeast only if about 50 % oxygen is present in 



222 KNOT M. BRAKDT. 

the gaseous phase. As in experiments on fed yeast, after a change 
in the oxygen concentration, a maximum is observed in the ca- 
pacity for binding carbon dioxide ^vhich, hovrever, is not reached 
unless about 50 % ox}^gen is present in the gaseous phase in ex- 
periments with 10, 25 and 50 % carbon dioxide. Experiments 



Fig. 31. Bound CO, in budding yeast. Gaseous phase "with constant CO, concentra- 
tion (10, 25, and 50 % CO,) and varying amounts of 0,. 


with gaseous phases containing 50 % carbon dioxide showed a 
marked' variation in the values of bound carbon dioxide for dif- 
ferent yeast samples in the presence of 30 — 40 % oxygen. In a 
gas mixture containing 50 % carbon dioxide and 50 % nitrogen, 
the quantity of bound carbon dioxide in budding yeast is clearly 
greater than the corresponding values found for baker^s yeast 
and fed yeast. The curves illustrating the capacity of budding 
yeast for binding carbon dioxide at different concentrations of 
oxygen and carbon dioxide in the gaseous phase tbus de'vdate 
characteristically from all other curves previously obtained for 
both baker’s yeast and fed yeast. 
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5. Corrected Graphical Mean Cuz'ves. 

For more ready comparison of the values obtained for the 
different yeasts, Figs. 32 a and b show curves dra-wnmtb graphic- 
ally determined mean values of the above discussed measurements 
with gaseous phases containing 50 % oxygen and different amounts 
of carbon dioxide (a) and 25 % carbon dioxide and different 
amounts of oxygen (b). The curves have been corrected for possible 
errors due to pressure changes occurring during the period between 
the reading of the manometer before tilting the acid and the 
moment of tilting, and for increases in the carbon dioxide pres- 
sure in the apparatuses consequent upon the carbon dioxide 
production in the interval between the passage of gas and the 
tilting. No correction has been made for the increase in the ini- 
tial amount of protein obtained during the preparation of bud- 
ding yeast, since this was regarded as unnecessary (cf. Chapter 
II, C). A reduction of all values for budding yeast by, for example, 
10 % does not significantly affect the slopes of the curves. 

6. Effect of Drying on the Yeast. 

The amount of bound carbon dioxide was also determined 
in suspensions of dried yeast treated in different manners. The 
dried yeast employed had been stored in the refrigerator for seven 
months. The determinations were performed only with a gaseous 
phase containing 50 % oxygen and 50 % carbon dioxide. For 
purposes of comparison with the amounts of carbon dioxide 
bound under corresponding conditions in the other yeasts, the 
values are given in //I. per gram of calculated wet weight. 

After dried yeast is washed, the metabolism is changed owing 
to the loss of certain plasma constituents (see Chapter II, C). 
In the determination of the amount of carbon dioxide bound 
in dried yeast, different results were also obtained, according to 
whether the yeast was washed before the experiment or not. 
In the unwashed yeast, 75 pi. bound carbon dioxide was found 
per gram of yeast, while in yeast washed three times 90 ^1.. bound 
carbon dioxide was obtained per gram of yeast. Both values 
indicate that the amount of carbon dioxide bound in dried yeast, 
in the presence of 50 % oxygen + 50 % carbon dioxide, is some- 
what smaller than that bound in starved yeasu under correspond- 
ing conditions (mean: 145 pi. CO 2 per g. starved yeast). The 
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Fig. 82 a# Corrected graphical mean curves for bound COj, Gaseous phase with 
60 % Oj and varying amounts of COj. 

(I) Baker’s yeast. (II) Fed yeast, (HI) Budding yeast. 



Fig. 82 h. Corrected graphical mean curves for hound GO,. Gaseous phase with 
25 % COj and varying amounts of O,. 

(I) Baker’s yeast. (H) Fed yeast. (Ill) Budding yeast. 
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dried yeast ivas shaken in M/10 Na-SS buffer at 25° C. in air 
for 20 hours and was subsequently washed. After this treatment, 
the amount of bound carbon dioxide was increased to 120 fxl. 
per gram of yeast. Addition of glucose {750 mg. per 280 mg”, 
dried yeast) during shaking, half at the start of the aerobic treat- 
ment and half one hour before the end of the pretreatment, gave 
a corresponding value for the subsequently washed yeast of 
165 «1. carbon dioxide per gram of yeast. The restituting effect 
of shaking under aerobic conditions on dried yeast discussed pre- 
viously, which appears with special distinctness after simulta- 
neous addition of glucose, is thus found also in the study of the 
capacity of originally dried yeast for binding carbon dioxide. 
The amount of bound carbon dioxide in pretreated dried yeast, 
however, never reaches values as high as those found in baker's 
yeast or yeast fed after previous starvation (cf. Figs. 25 and 28). 


7. Influence of Cell Poisons on tlie Capacity of the Yeast for 
Binding Carbon Dioxide. 

From the above observations concerning the amounts of car- 
bon dioxide bound in different yeasts at varying concentrations 
of oxygen and carbon dioxide in the gaseous phase, it results 
that the binding of carbon dioxide invariably increases strongly 
with increase in the oxygen concentration to a certain limit 
and that a change in the endogenous metabolism of the yeast 
influences characteristically the dependence of CO.-binding on 
the composition of the gaseous phase. It should be emphasized 
that the magnitude of the endogenous metabolism generally can- 
not be regarded as related to the capacity for binding carbon 
dioxide under various conditions. During shaking of, for example, 
baker's yeast in buffer under aerobic conditions, its power of 
binding carbon dioxide is rapidly reduced, while the endogenous 
monomolecular respiration simultaneously decreases. However, 
in suspensions of dried yeast in which, together with restituting 
processes, a metabolism takes place under aerobic conditions 
which is relatively high as compared wdth that of starved yeast, 
the capacity for binding carbon dioxide is certainly very low, 
although the respiratory enzyme system in dried yeast is greatly 
impeded. A comparison between the amounts of carbon dioxide 
bound by baker’s yeast, fed yeast and budding yeast in a gaseous 
phase containing, for example, 20 % oxygen + 25 % carbon 
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dioxide '4- 65, % nitrogen, sliows that baker’s yeast, despite its 
lower endogenous metabolism, binds somewhat more carbon, di- 
oxide than does fed or budding yeast (Fig. 32 b). 

It is tempting to conclude that the different powers of yeast 
to bind carbon dioxide at different concentrations of oxygen in 
the gaseous phase must mainly be attributed to properties of the 
protoplasm which are regulated by the respiratory system. The 
state of this system and its power for acting together with other 
enzjnnic systems in the protoplasm may thus be of importance 
for the carbon dioxide binding. Inhibition or activation of the 
enzymic systems, directly or indirectly affecting carbon dioxide 
binding, need not be accompanied by corresponding variations 
in the intensity of the endogenous respiration, which is partly 
dependent on the supply or mobilization of endogenous substrate. 
In attempts to check the validity of this hypothesis, an examina- 
tion was made of the power of binding carbon dioxide shown by 
baker’s yeast after this had been treated with certain cell poi- 
sons which are supposed to affect the respiratory system. 

The experiments were performed on baker’s yeast washed 
twice with distilled water. 60 ml. suspension containing 1 g. yeast 
in 0.081 jlf Na-SS buffer, pH 5.1, and different concentrations of 
sodium azide, sodium fluoride or potassium cyanide were shaken 
in 450 ml. culture flasks at 25° C. for 30 minutes. The suspensions 
were then cooled, and the yeast was centrifuged off. In order 
to preserve as far as possible the effect of pretreatment, the yeast 
was not washed after centrifuging, but was suspended immediately 
in Ha-SS buffer, pH 5.1, for the determination of bound carbon 
dioxide. During the period required for pipetting the suspensions 
into the vessel, filling the apparatuses with gas, and reading be- 
fore the tilting of p-toluenesulphonic acid, small amounts of the 
cell poisons remained in the suspensions. These quantities were, 
however, assumed not to affect the blank values. The determina- 
tions were performed with a gaseous phase containing 50 % 
0^6®^ -{-25 % carbon dioxide -j- 25 % nitrogen. Table 25 
summarizes the values obtained. 

After the suspensions had been shaken, without addition of 
cell poisons, for 30 minutes in air before the amounts of bound 
carbon dioxide were determined, there waS found, in analogy 
to previous observations, a smaller amount of bound carbon 
dioxide, viz. 230 — 250 fil. per gram of yeast, than in the untreated 
bakers yeast which, under corresponding experimental condi- 
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Table 25. 

Bound CO 2 m hal-ers ^ yeast preheated in the presence of different 
concentrations of NaN^^ NaF and ECN. 

Gaseous phase containing 50 % 0, + 25 % COj + 25 % N,. 


NaN, 


KCN 

Concentration 

during 

pretreatment 

(millimol./l.) 

/tl. GO, 
per g. 
yeast 

Concentration 

during 

pretreatment 

(millimol./l.) 

P 1. CO, 
per g. 
yeast 


/tl. CO, 
per g. 
yeast 

0 

245 

0 

230 

0 

250 


290 

31 

270 

4 

325 


95 

51 

345 

21 

125 

■K&yflHj 

40 

72 

20 

50 

90 


tions, binds c. 340 fil. carbon dioxide per gram of yeast. As is 
seen from Table 25, pretreatment of the yeast with moderate 
concentrations of azide, fluoride or cyanide gave rise to an in- 
crease in the ability to bind carbon dioxide. Higher concentrations 
of the poisons, however, greatly inhibited the binding capacity. 

Borei (1942) has shown that under the action of azide and 
fluoride a similar change occurs in the endogenous respiration of 
baker's yeast. This autlior found an activation and an inhibition 
of the endogenous respiration at somewhat lower concentrations 
of the cell poisons than were required in the above experiments 
on the COj-binding capacity. Higher concentrations of azide 
and fluoride are needed for the pretreatment of the yeast in the 
latter experiments, as the partly reversible effect on the yeast 
must be preserved during the subsequent treatment of the centri- 
fuged cells. For the same reason, in the pretreatment of the cells 
with cyanide, higher cyanide concentrations were required than 
were necessary for an inliibition of the endogenous respiration. 
That the effect of azide on the ability to bind carbon dioxide 
w’as reversible, could be sho'svn by experiments on yeast pretreated 
with sodium azide in the concentration 1.0 millimoles per litre. 
As stated above, the centrifuged yeast exhibited a markedly re- 
duced power of binding carbon dioxide (gaseous phase containing 
50 % 0- -f50 % COj). After the yeast was washed twice with water, 
a considerably greater amount of bound carbon dioxide was found 

than in yeast untreated with azide. 

According to Keiltn and Haeteee (1939), azide coinbines 
with cytochroma 83, a process causing a complete inhibition of 
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the oxidation of the cytochromes in heart muscle extract. Borei 
(1942) has pointed out, moreover, that "with azide and fluoride, 
a maximuminhibition of both the monomolecular and the constant 
endogenous respirations can be obtained, which are both supposed 
chiefly to occur over the cytochrome oxidase— cytochrome system. 
The inhibiting effect of cyanide on the respiratory mechanism 
may be attributed to the reaction of cytochrome oxidase with 
hydrogen cyanide (cf. Wabbotg 1934, and Tamiya and Kubo 
1938). Lindahl (1940) showed that potassium cyanide in con- 
centrations of 2 millimoles per litre strongly inhibited the endo- 
genous respiration of baker’s yeast while a high respiratory quo- 
tient was simultaneously obtained. The latter, as well as the oxy- 
gen consumption of cyanide-poisoned cells, was higher in pure 
oxygen than in air. Pett’s (1936) observation that cyanide added 
to top yeast partly disappeared was also confirmed by Lindahl, 
who found that cyanide was still not oxidized completely at high 
oxygen pressure. 

The present observations regarding the influence of azide, 
fluoride and cyanide on the amount of carbon dioxide bound in 
baker’s yeast strongly support the view that the increased ability 
of yeast to bind carbon dioxide under aerobic conditions is largely 
dependent on the function of the respiratory enzymes, here pre- 
sumably that of the cytochrome oxidase— cytochrome system. 

The amount of bound carbon dioxide was also determined 
in baker’s yeast pretreated with glucose in the presence of cysteine. 
The effect of cysteine on the aerobic turnover of glucose by yeast 
was examined by Quastel and Wheatley (1932) who were 
able to show that, in the presence of cysteine, aerobic fermentation 
occurred simultaneously with the appearance of a respiratory 
inhibition. This observation was recently confirmed by Btjnh- 
STROM and Sperber (1938 b) in their investigations on Swedish 
baker’s yeast. They found, in the presence of cysteine in a con- 
centration of 2.1 millimoles per litre, in addition to strong 
aerobic fermentation and impeded respiration, a largely reduced 
storage of carbohydrates in the yeast (see also Bunnstrom, 
Borei and Sperber 1939, and Kuknstrom and Brandt 1941). 

In the following experiments, yeast was treated, in the pres- 
ence of glucose and cysteine, in the same manner as in the pre- 
paration of fed or budding yeast. The initial concentration of 
cysteine in the suspension was 0.84 millimoles per litre (cysteine 
hydrochloride neutralized with hydroxide to pH 5). The yeast 
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obtained bad a distinct odour of hydrogen sulphide. After the 
pretreatment, only feiv huds ivere observed. The volutine grains 
were clearly spread over the protoplasm in the same way as in 
fed yeast. Iodine staining of the cells gave a positive glycogen 
reaction which, hoivever, was noticeably weaker than that in 
fed yeast. Figs. 33 and 34 show the amounts of carbon dioxide 
bound in cysteine-treated yeast. 



Fie. 33. Botmd CO. in baker’s yeast pretreated with glucose in tbo presence of 
O.si milHmol./l. cysteine. Gaseous phase with 50 % 0, and varjdng amounts of CO.. 


In experiments with a gaseous phase containing 50 % oxygen 
and different amounts of carbon dioxide (Fig. 33), in the pres- 
ence of up to 30 % carbon dioxide, it was observed that in cyste- 
ine-treated yeast the amount of bound carbon dioxide was rather 
small, increasing rapidly with further increase in the carbon 
dioxide concentration. The increased power of yeast for bindmg 
carbon dioxide in the presence of 50 % oxygen and 50 % carbon 
dioxide in the gaseous phase is very probably associated with an 
activation of the endogenous respiration induced by this concen- 
tration of carbon dioxide. This is suggested by the fact that, at 

50 % carbon dioxide, a considerable pressure reduction is observed 
in the apparatuses before the tilting of the p-toluenesulphonic acid . 

Estimations in the presence of 25 % carbon^oxide and dif- 
ferent amounts of o-xygen in the gaseous phase (Fig. 34, curve i) 


9~450PDS 
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indicate that, in the presence of only 10 % oxygen, the amount 
of bound carbon dioxide is inconsiderably loTrer than for higher 
concentrations of oxygen in the gaseous phase. 

Experiments were also carried out on yeast fed in the presence 
of 4.2 millimoles per litre cysteine (five times the amount employ- 
ed in the preceding experiment). The yeast obtained smelled 
faintly of hydrogen sulphide even after being washed three times 
with cold water. Scarcely any buds were developed. The gly- 
cogen reaction was weakly positive. Endogenous respiration was 



% Oj in gtseous p/iase 


Fig. 34. Bound CO, in baker’s yeast pretreated with glucose and cysteine. Gaseous 
phase with 25 % CO, and varying amounts of 0,. 

(I) Yeast fed in the presence of 0.84 mUlimol./l. cysteine. 

(II) » » » » « » 4.20 millimol./l. * 


greatly inhibited. The amount of carbon dioxide bound in this 
yeast at a carbon dioxide concentration of 25 % in the gaseous 
phase appears from curve II in Fig. 34. This curve shows that 
an increase in the concentration of oxygen in the gaseous phase, 
even at low concentrations of this gas, causes only a slight in- 
crease in the amount of carbon dioxide bound in the yeast. 

As in the experiments where the respiration was impeded by 
various typical cell poisons, strikingly small amounts of bound 
carbon dioxide were found after feeding the yeast in the presence 
of cysteine under aerobic conditions. This was presumably due 
to the inhibitory effect on the respiration of cysteine or of the 
hydrogen sulphide evolved. 


8. Influence of Potassium and Calcium Ions. 

In the investigations so far described, only Na-SS buffers have 
been used as suspension media. Since the yeast membrane is 

fo sodium ions, the concentration of 
alkali ions in the protoplasm in the above experiments may be 
supposed not immediately to be affected by the sodium ions 
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present in tie suspension medium. Tie potassium and calcium 
ions of tie protoplasm can, iowever, leave tie yeast cells and 
exciange witi ions in tie suspension medium (Genaud 1929, 
CoirwAY, 0 Brien and Boyle 1941. Of. also tie revievr given 
iy WiLBBANDT 1938). Pulver and Verzar (1940) pointed out, 
moreover, tiat tie distribution of potassium between tie proto- 
plasm of yeast and tie suspension medium was cianged during 
tie turnover of sugar. As tie content of alkali ions in tie proto- 
plasm presumably influences tie pH of tie cell content, it was 
of interest to investigate wietier tie ability to bind carbon 
dioxide was influenced by potassium and calcium ions in tie 
suspension medium. Experiments were performed, using boti 
tie K-SS buffer {Mjlb, pH 5.17) and tie Ca-SS buffer (M/15, 
pH 4,93 and 5.08) described in Chapter II. Parallel determina- 
tions were performed with tie aid of a Na-SS buffer, pH 5.14. 

Tie blank values in experiments with 200 mg. of yeast in 
K-SS or Ca-SS buffer were estimated in tie same manner as pre- 
viously described for tie Na-SS buffer. In employing a K-SS 


Fig. 85. 



Bound CO, in baker’s yeast. Gaseo^ phase with 60 % 0. and varying 
amounts of CO.. 


(I) Suspension in 

(n) » » 


0.059 M Na-SS buffer, pH 6.14. 
0.059 iLf K-SS buffer, pH 6.17. 
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buffer, tlie blank value in tbe presence of 50 % carbon dioxide 
in tbe gaseous phase was 63 /il, or 2 /d. higher than the value 
for the Na-SS buffer (61 /il.). Similar differences were also obtained 
in numerous estimations of the uncorrected blank values found 
when p-toluenesulphonic acid was added to only M/15 K-SS 
or Na-SS buffer. 

Fig, 35 shows the amounts of carbon dioxide boxmd by baker’s 
yeast suspended in Na-SS and K-SS buffers in experiments with 
50 % oxygen and various proportions of carbon dioxide in the 
gaseous phase. 



Fig. 30. Bound CO. in baker’s yeast. Gaseous phase ■with 25 % COj and varying 

amounts of O.. 

(I) Suspension in 0.059 M Jia-SS buffer. 

(II) i t ti 0.059 31 K-SS buffer. 

The points x and A refer to separate measurements of other yeast samples. 

The measurements indicate that the amount of carbon dioxide 
bound by yeast suspended in K-SS buffer at higher concentra- 
tions of carbon dioxide in the gaseous phase is higher than that for 
yeast suspended in Na-SS buffer. In experiments t\dth a gaseous 
phase containing 25 % carbon dioxide and different amounts of 
oxygen, it ttas observed that, especially at lower concentrations of 
oxygen, the amount of carbon dioxide bound in yeast in K-SS 
buffer was considerably greater than when Na-SS buffer was 
used as suspension medium (Fig. 36). 

In an attempt to strengthen the effect of the potassium ions, 
baker s yeast was shaken in K-SS and Ka-SS buffers for 30 min- 
utes at 25° C. in air before the carbon dioxide estimation. Ko 
increased effect, however, was found to result from the increase 
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m the period of action of the potassium ions upon the yeast In 
concordance Avith earlier observations, only smaller amounts of 
carbon dioxide were bound by both treated yeasts after shaW 
In a gaseous phase with, for example, 50 % oxygen + 26 o/ 
carton dioxide + 25 % nitrogen, olrtonTxIde 

boiind per gram of yeast after treatment with a K-SS buffer 
and 280 /il. in the control with Na-SS buffer. 

The increasing influence of potassium ions on carbon dioxide 
binding was also observed in experiments on budding yeast pre- 
treated in the usual manner, when K-SS buffer was used as sus- 
pension medium. The yeast obtained was suspended in Na-SS 
buffer, and the amount of carbon dioxide bound in the yeast 
was determined in the presence of 10 % oxygen + 25 % car- 
bon dioxide -f 65 % nitrogen in the gaseous phase. In four dif- 
ferent experiments, the values 245, 250, 210, and 255 /d. carbon 
dioxide per gram of yeast w’ere found. After corresponding pre- 
treatment in a Na-SS buffer, the mean value for the determina- 
tions in a gaseous phase of the said composition was only 185 fi\. 
Thus, after pretreatment of the yeast with glucose -j- ammonium 
chloride and K.-SS buffer, a much higher amount of carbon dioxide 
was found when the gaseous phase contained a relatively low 
concentration of oxygen. 


Tim values of carbon dioxide bound in baker’s yeast suspended 
in Ca-SS buffer and Na-SS buffer collected in Table 26 provide 
information concerning the influence of calcium ions on carbon 
dioxide binding. Tlic yeast employed in experiment II bound 
unusually large amounts of carbon dioxide, as may be seen from 
the control in Na-SS buffer. From experiments with this yeast 
and from the two other experiments it results that the calcium 
ions, in contrast to potassium ions, cause a decrease in the amount 
of carbon dioxide bound by yeast. 


Tabic 2G. 

South! COn in hal-ers yeast suspended in Na-SS and Ca-SS buffers. 


1 

/ 1 1. CO; per g. yeast suspended in 

Compo.sition of gaseous phase 

Na-SS buffer 

Ca-SS buffer 


pH 5.1-1 

pH 4.03 

pH 5.08 

I 25 % CO, -!- 10 % 0, -f 65 % N, 

230 

205 

_ 

11 25 % CO, + .50 % 0, -f 25 % N, 

390 

355 

— 

! Ill 50 % CO. -f .50 % 0 

490 

— 

380 
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9. Carbon Dioxide in Mother Yeasts. 

According to the above observations, the amount of carbon 
dioxide bound in baker’s yeast and in yeasts pretreated in difie- 
rent manners is dependent on the oxygen concentration in the 
gaseous phase in a manner typical of the individual yeast. In or- 
der to decide whether the curves obtained in the investigation 
of budding yeast were characteristic of growing yeast, experi- 
ments were performed both on samples of unripe baker s yeast 
which, during cultivation in the factory for 11 hours, was in a 
state of rapid growth, and on samples of vigorously growing 
mother yeast Z 3 taken after 6 hours cultivation and at the com- 
pletion of the run. In contrast to the conditions for the propa- 
gation of baker’s yeast, the growth of Z 3 yeast occurs with con- 
siderably weaker aeration. During cultivation, a formation of 
alcohol therefore takes place, and the yeast assumes a rather 
anaerobic character. The samples taken from the vat were im- 
mediately cooled down to about 5° C, and this temperature was 
maintained while they were brought to the laboratory. After 
washing in the centrifuge, the yeast was suspended in water and 
was filtered on a sintered glass crucible. The yeast thus obtained 
corresponded in dry weight to baker’s yeast. Tig. 37 exhibits the 
amounts of carbon dioxide bound in samples examined in the 
presence of 25 % carbon dioxide and different amounts of oxygen 
in the gaseous phase. For purposes of comparison with the cur- 
ves for these yeasts, the figure includes the mean curves for 
baker’s yeast (I) and for budding yeast (11). 

In Fig. 37, the curves marked III refer to measurements of 
three different samples of yeast which had been cultivated for 11 
hours in the course of baker’s yeast production. The measure- 
ments indicate that treatment of the samples in the manner 
described above gives good reproducibility of the values. A com- 
parison of the curves for this yeast and the two samples from the 
propagation of Z 3 yeast with the normal curves for baker’s yeast 
and budding yeast shows that the course of the curves of the'first- 
mentioned yeast is not equivalent to that of budding yeast, but 
largely resembles that of baker’s yeast. The course of the curve 
for budding yeast is thus not tjqpical of growing yeasts, but is 
representative only of the yeast pretreated in the manner described. 

This may be a consequence of the different growth conditions 
in the factory cultivation of the yeast and in the pretreatment 




Fig. 37. Bound CO, in: 

(I) baker’s j’cast, 

(11) budding yeast, 

(III) yeast cultivated for 11 hours in preparation of baker’s yeast, 

(IV’) yeast cultivated for 0 hours in preparation of Z 3 veast. 

(V) Z 3 yeast. 

Gaseous phase with 2o % CO. and varying amounts of 0,. 

for tlie preparation of budding yeast. In contrast to tbe treatment 
in tlie preparation of budding yeast, tbe concentrations of sub- 
strate in the industrial process were very small on account of the 
differential fermentation method used; the temperature, more- 
over, was somewhat higher. In the first case, the yeast consumed 
only glucose and ammonium chloride, while in the latter case 
organic nitrogen compounds, growth substances and numerous 
inorganic salts were also taken \ip. The presence of salts during 
cultivation may, to judge from the experiments described above, 
be alone sufficient to affect strongly the carbon dioxide binding. 
It should be emphasized that in the intentionally simplified system 
yeast-glucose-ammoniura chloride a reduced salt content is ob- 
tained in the growing cells. 

The supposition that the respiration conditions the amount 
of bound carbon dioxide is lent support by the fact that consider- 
ably smaller amounts of bound carbon dioxide are found in the 
rather anaerobic Z 3 yeasts (IV and V) as compared with the 
amoimts in the aerobic Z 5 yeasts (I and III). 
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D. Summary of Chapter IT. 

"Warburg's maiioiiietric method has heen modified fox the 
determination of the amount of acid-labile bound carbon dioxide 
in yeast. In order to obtain a rapid fixation of yeast, different 
acids were examined; p-toluenesulphonic acid proved to be most 
suited to this purpose. The vessel constants used for the estima- 
tion of the amounts of carbon dioxide expelled from the suspensions 
were calculated on the basis of the absorption coefficient of car- 
bon dioxide determined experimentally for the mixture of p-tolu- 
enesulphonic acid and suspension medium (sodium succinate- 
succinic acid buffer). Since the solubility of carbon dioxide in 
the acid or the suspension medium is higher than that in a mix- 
ture of these liquids, part of the dissolved carbon dioxide was liber- 
ated in experiments with atmospheres containing carbon dioxide. 
This quantity was determined in the presence of yeast by a special 
procedure. Possible sources of error are discussed, with special 
regard to the effect of the yeast metabolism in the determinations. 

The amounts of bound carbon dioxide have been determined 
in different yeasts in equilibrium with gaseous phases containing 
nitrogen or mixtures of nitrogen and oxygen, with and without 
carbon dioxide. 

In experiments at a constant concentration of oxygen in the 
gaseous phase, an increase in the bound carbon dioxide was found 
to accompany an increase in the carbon dioxide content of the 
gaseous phase. The proportions of carbon dioxide in the gaseous 
phase ranged between 0 and 50 %. 

In experiments with a constant concentration of carbon di- 
oxide in the gaseous phase, it was observed that in all yeasts 
the amount of bound carbon dioxide increased with increasing 
concentration of oxygen in the gaseous phase up to a certain 
limit. In some yeasts, carbon dioxide binding reached a max- 
imum at a given oxygen concentration. A change in the meta- 
bolism of the yeast characteristically affected the relationship 
between carbon dioxide binding and the composition of the 
gaseous phase (cf. Figs. 32 a and b). 

Er^eriments on baker’s yeast made it clear that the carbon 
dioxide bound by the yeast, when in equilibrium with a gaseous 
phase rich in carbon dioxide, was liberated again when the yeast 
was shaken in a carbon dioxide-free atmosphere (Table 23). The 
amount of carbon dioxide bound in baker’s yeast under aerobic 
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conditions is Hgliest at pH 5.0— 5.5 in tlie suspension medium 
The range examined was pH 4—6 (Fig. 26). Carbon dioxide bindin<^’ 
in baker’s yeast is independent of the illumination. 

Experiments have also been carried out with potassium and 
calcium succinate buffers. The ability of the yeast under aerobic 
conditions to bind carbon dioxide is markedly affected by these 
ions. Potassium ions increase the binding, which effect appears 
most strikingly at relatively low oxygen concentrations in the 
gaseous phase. The calcium ions, however, reduce the capacity 
of the yeast for binding carbon dioxide. 

The effect of the oxygen concentration on the faculty for bind- 
ing carbon dioxide is reduced to a high degree by starvation 
or drying of the yeast. The effect caused by starvation is revers- 
ible. A yeast fed after starving is able to bind a many times larger 
amount of carbon dioxide under aerobic conditions than can 
starved yeast. Aeration of a suspension of dried yeast overnight 
imparts a slightly increased power of binding carbon dioxide. 

"When baker’s yeast was treated under aerobic conditions 
with cell poisons affecting the endogenous respiration (azide, 
fluoride, cyanide), an effect on the carbon dioxide binding was 
obtained which ran parallel with the activating or inhibiting 
effect of the poisons on the respiration of the yeast (Table 25). 
When the cells were treated with cysteine under aerobic condi- 
tions, the capacity for binding carbon dioxide was inhibited. 

The augmentative effect of oxygen in the gaseous phase on 
the power of yeast for binding carbon dioxide is supposed to origi- 
nate in properties of the protoplasm which depend on the func- 
tioning of the respiratory enzymes. This view is supported by the 
observation that yeast, in which the respiratory enzymes have 
been injured or blocked by starvation, drying or treatment vdth 
cell poisons, is capable of binding only small amounts of carbon 
dioxide under aerobic conditions. The binding, moreover, is 
largely uninfluenced by the oxygen concentration in the gaseous 
phase. Further support for this hypothesis is provided by expe- 
riments on mother yeast which acquired a rather anaerobic char- 
acter during propagation. In this yeast, under aerobic conditions, 
the fermentation processes dominated over the respiratory pro- 
cesses. Under aerobic conditions, a considerably smaller amount 
of carbon dioxide was bound by mother yeast thus cultivated 
than by yeasts grown during vigorous aeration. 



CHAPTER V. 


pH Deteriiiiiiations and Electrometric Titrations 
on Heat-fixed Yeasts. 

A. Introductioii. 

We generally defined tlie acidity in a cell as the average value 
of the hydrogen ion activity in the water phase in different parts 
of the cell protoplasm. Prom numerous investigations on the 
acidity of different cells it appears clearly that no uniform pH 
value prevails in the cell (see the reviews by Reiss 1926, 
R mat.t. 1929, Chambers 1929, Spek 1937, Ries 1938, and Lison 
1941, who discuss the literature from this sphere, the methods 
and the criticisms offered from various quarters). Observations 
with the aid of indicators have shown that in one and the same 
cell the pH values of the hyaloplasm, the nucleus and the vacuoles 
are divergent (Chambers and Pollack 1927, Chambers and 
Kerr 1932); furthermore, the pH of the hyaloplasm differs from 
that of the “granuloplasm” which is clearly differentiated in cer- 
tain cells (Spek and Chambers 1933). The pH in the protoplasm, 
however, does not vary only in the aqueous phase in different 
parts of the cell. On the surfaces and in their immediate vicinity 
different cell elements and colloidal particles in the protoplasm 
presumably have acidities deviating from that in the bulk phase 
in equilibrium with the surface (Spek 1937, Daeielli 1941). 

Data concerning the average pH of the intact protoplasm 
within different cells are extremely divergent, owing to the in- 
accuracy of the available methods and to the fact that the applica- 
tion of these methods presumably involves an injury to the pro- 
toplasm or a change in its characteristics. On the other hand, 
the pH of the protoplasm is largely dependent upon the physio- 
logical state of the material. 
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The method initially employed for the determination of pH 
in the cells is based upon the work with indicator dyes. This meth- 
od is relatively insensitive and uncertain, as the colour of the 
indicator is affected by numerous disturbing factors, amonf' 
which may be mentioned the effect of salts, the heterogeneous 
distribution of the indicator within the protoplasm, the adsorp- 
tion of the dyes by the plasma colloids, and the precipitation of 
the dyestuff or its solubility in fatty substances. The alkaline 
indicators employed previously have proved to cause artefacts 
and their colours are generally affected by chromotropic sub- 
stances. The acid sulphophthaleins of Clark and Lubs have 
shown to be more appropriate. Since, however, these indicators 
generally do not permeate the cell membrane, they are used for 
pH determinations in tissue sections and squeezed or otherwise 
injured cells, in which materials there is a risk that the initial 
pH value of the protoplasm has been altered. With the introduc- 
tion of the micro -injection technique the determinations could 
be made less violent. Experiments by Chambers and others on 
sea-urchin eggs, into which indicators had been injected, indicate, 
however, that even when the egg is pressed or rubbed with a 
needle, changes in the colour of the indicator appear. These 
changes are reversible and the indicator rapidly resumes its ini- 
tial colour. 

In recent years, the micro-colorimetric method for pH de- 
terminations in cells, introduced by Vniis (1926), has been im- 
proved considerably. By employing monochromatic light and a 
photoelectric cell, or micro-spectrophotometric measurements on 
acid indicators with two or more characteristic absorption bands, 
pH changes in the material may be followed quite objectively 
(cf. Maegaria and v, Muralt 1934). Eenn and Maurer (1935) 
emphasize, nevertheless, that in experiments in muscle tissues, 
the changes in the pH value observed with this method possibly 
refer to the extracellular pH value, since the dyes of Clark and 
Lubs do not penetrate the cells in perceptible amounts. 

Numerous investigators have used potentiometric methods for 
pH determinations, the measurements being performed both on 
tissue juices and on cells. Just as in the micro-injection of indi- 
cators, the introduction of an electrode into the cell involves 
a great risk of pH changes in the protoplasm. An antimony elec- 
trode, for example, was employed by Buytendijk and Woebde- 
MAN (1927), who measured the pH in amphibian eggs during their 
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development. Tlie sixitaHlity of tliis electrode to sucli experi- 
ments xvas, however, rendered doubtful by the work of Dorf- 
M -VN (1938), who worked to the same end with a hydrogen electrode, 
it should be mentioned here that with the latter method the pH 
values can only be measured under anaerobic conditions, a fact 
which greatly restricts its applicability. 

Tor pH determinations in tissue juices, quinhydrone electro- 
des have frequently been employed. Fife and Fbampton (1935) 
report, however, that measurements on plant juices yielded val- 
ues differing considerably from those obtained in control meas- 
urements with a glass electrode (see also Small 1929). 

Measurements of pH changes during muscle, contraction have 
recently been performed by Maison, Orth and Lemjier (1938) 
and Duboisson (1939), who used a glass electrode and avoided 
injuries to the cell material. The values obtained refer, towever, 
not to the pH of the muscle cells, but to pH changes found in the 
tissue fluid between the muscle fibres during the change in carbon 
dioxide pressure in the cell surface. 

Apart from the above methods, pH determinations during 
muscle contraction have been performed by Hill (1940) by the 
method of carbon dioxide exchange, using a differential "volu- 
meter” (cf. also Lipmann and Meyerhof 1930). 

Scarcely any rhethod mentioned above is suited to an accu- 
rate estimation of the pH value in the yeast cell. The only de- 
terminations performed on yeast, known to the present author, 
are those by Tait and Fletcher (1926) and by Mahdihassan 
(1930). Tait and Fletcher approximately determined the pH 
in extracts of frozen brewer’s yeast, with the aid of indicators, 
to be 6.2. After the cells had been ground in indicator solutions 
between the microscope slides, the value 6.0 was found, while, 
after treatment of the cells in boiling water and centrifugation 
of the cooled suspension, pH 6.3 was measured in the cell extract. 
Mahdihassan measured the pH in top yeast by micro-injection 
of different indicators into the cells. From changes in the colour 
after injection of acid indicators he estimated the pH to be 5.9 
—6.0. 

In the present investigations, it was of immediate interest to 
0 lou possible changes in the acidity of the yeast protoplasm. 

e only method suited to this purpose seems to be the measure- 
ment of the pH in yeast extract or in yeast juice. In view of the 
resistance of yeast to mechanical treatment, a crushing of, for 
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example, frozen, cells is impracticable "witbin a reasonable time 
limit. Even if a satisfactory crushing of the cells is attained 
the pH determination of the cell pulp involves great risks of a 
change in its acidity. Even at 0°, the very active decomposing 
enzymes in the fluid probably cause a shift of the pH value, in 
the acid direction (the so-called postmortal acidification). Not 
only the proteolytic enz 3 -mes, but also nucleases, nucleotidases, 
dephosphorylating enzymes etc. contribute to a shift in the pH 
value of the protoplasm. 

The use of poisons for the inhibition of enzymic reactions is 
generally unsatisfactory and their effect on the pH is largely 
unknown. Meyerhof and Lohmann (1926) obtained an inhibition 
of the glycelj-^sis in muscle extract by means of quinhydrone in 
pH determinations with a quinhydrone electrode. Danielson 
and Hastings (1939) employed ferric fluoride for carbon dioxide 
determinations in blood, liver and muscle. Leuthardt (1940) 
reported that the addition of sodium fluoride was not effective 
enough to impede the postmortal acidification in tissue fluid, 
nor did freezing in liquid air give complete inhibition, since after 
the preparation was thawed, disturbances were observed as a 
consequence of incipient enzymic activity. 

When cells are fixed by heat, a complete destruction of the 
cell structures is observed; the contents of, for example, the 
hyaloplasm and the vacuoles are mixed. Just as in the work on 
tissue juices, pH determinations on extracts of heat-fixed cells 
thus yield only values for the average pH in the protoplasm. In 
comparative pH determinations on the same material under 
different physiological conditions, measurements on heat-fixed 
material might provide a good indication of any pH changes 
occurring. 

In the determinations of the acidity in yeast treated under 
different physiological conditions, the pH was measured in sus- 
pensions and extracts of yeasts treated at 100° C. By heat-fixa- 
tion of dense yeast suspensions, very rapid and effective destruc- 
tion and inhibition of the enzymic systems in the yeast could be 
obtained, whereby the postmortal acidification was prevented. 
Errors involved in the dilution of the cell content with inter- 
cellular water can be determined experimentally and pH deter- 
minations can be performed at the same concentrations of carbon 
dioxide in the gaseous phase as that present during the treatment 
of the cells prior to their fixation. 
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Beyond an evening out of the pH in different regions of tlie 
protoplasm, heat-fixation causes a more or less complete denatu- 
ration of the proteins, a process "vs'liich may affect the pH of the 
protoplasm. According to Booth (1930), heat-denaturation does 
not change the acid- or base-combining capacity of proteins, 
despite a change of certain chemical and physical properties in 
denaturation (cf. Anson 1938 and the literature cited by him). 

AVith the aid of a hydrogen micro-electrode, Leuthardt (1940) 
measured at a certain carbon dioxide pressure the pH in the sur- 
face of thin slices of various tissues vrhich had been heated in a 
chamber of silver foil to 100° C. in a vapour stream for about 

minute. He emphasized that after denaturation a change in 
the titration cur%’-e of the proteins, originating from a possible 
liberation of sulphhydryl groups, could be expected to appear 
only within a pH range around 8.2 (pki’ value for the sulphhydryl 
group in cysteine c. 8.18). In order to check the effect of dena- 
turation on the pH, Leijthardt performed pH determinations 
at different carbon dioxide pressures on native and heat-fixed 
white of hen's egg and blood serum. He could not detect any 
essential effect of heat-denaturation on the pH of the material. 
Brom this observation he concluded that the tissue proteins in 
this respect did not behave differently from the egg white and 
serum investigated. 

On the basis of the investigations mentioned above, it was 
suggested that also in yeast heat-fixation did not essentially af- 
fect the average pH of the cell content. 

B. Method. 

In order to obtain a rapid fixation of the yeast, a thick yeast 
suspension was squirted through a copper coil ending in an 
empty conical flask (see Fig. 38). The flask, provided with a 
short safety tube and a thermometer, was immersed together 
with the coil in a boiling water bath. The copper coil was 1 
m. long with external and internal diameters of 3.2 and 1.5 mm,, 
respectively. For the injection of the yeast suspension a hypo- 
dermic s}uinge of 20 ml. capacity was employed which, without 
a needle, was directly coupled to a thick-walled rubber tube of 
small internal radius. The syringe was filled with about 12 ml. 
suspension and 8 ml. air. During injection of the suspension, 
the tip of the syringe was held downwards. -When the syringe 



METABOUC EFFECT AND BINDING OP CAEBON DIOXIDE. 143 

was emptied completely, the greater part of the suspension pres- 
ent in the coil was expelled by the air in the syringe. It was im- 
portant that the suspension was removed from the coil, since 
during prolonged heating the copper reacted with the ye^t ex- 
tract obtained. As receiver was employed a 100 ml. conical flask 
which was sufficiently large to prevent any foam formed during 
the development of carbon dioxide from escaping 
through the safety tube. 

When not otherwise stated, in the following ex- 
periments 10 g. wet weight of baker’s yeast was 
always used for heat-fixation, being washed directly 
or after pretreatment with distilled water, centrifug- 
ed and diluted with 3 ml. distilled water. Subse- 
quently the suspension was squirted through the 
heated copper coil. The total time required for 
the injection of 12 ml. suspension through the 
coil into the flask was about 6 seconds. The mini- 
mum temperature in the flask during and immedi- 
ately after the injection was 92 — ^93° C. After some 
seconds, however, the temperature increased again 
rapidly. A complete heat-inactivation of the cells 
may be supposed to occur in the course of 2 or 3 
seconds. After the injection, the suspension was 
heated at 100° C. for 5 minutes and immediately 
cooled down in water to room temperature. For 
measurements on the extract, the fixed suspension Fig-. 38. Ar- 
was centrifuged after 15 minutes. Variation in the rapfd^heLng 
time of heating (2, 5, 10, and 30 minutes) did not of yeast sus- 
significantly affect the pH of the extract or the pensions, 
suspension. 

pH determinations and electrometric titrations were per- 
formed on both extracts and fixed suspensions with a glass elec- 
trode in conjunction with a valve potentiometer. During measure- 
ments at a given carbon dioxide pressure, the solutions were treated 
with C02-containing gas mixtures from gasometers xmtil constant 
pH was obtained in the solutions. In order to obtain reliable 
pH values on fixed suspensions, the glass electrode was rinsed 
repeatedly with water during one and the same pH measure- 
ment. Control measurements were subsequently performed on 
standard pH solutions (phosphate and SS buffers), whereby errors 
were avoided due to the ready adhesion of the cell material to the 
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glass electrode, wMcli caused shifts in the potential corresponding 
to several hundredths of a pH unit. This, however, was not the 
case in the work on centrifuged extracts. 

C. Experimental Results. 

1. Deteiminations of pH. 

The mean pH value in suspensions of 25 samples of baker’s 
yeast, taken at different seasons of the year, was 6.27 ± 0.007. 
The mean error of a single determination was 0.034 pH units. 
When repeated fixations were made of suspensions of the same 
yeast, a very good reproducibility of the pH of the suspension 
was obtained (± 0.01 pH units). Preliminary experiments showed 
that when suspensions of baker’s yeast were shaken in air or in a 
gas mixture containing 50 % oxygen and different amounts of 
carbon dioxide, the fixed suspensions gave a much higher pH 
value than that given above. After pretreatment under anaerobic 
conditions, however, practically the same value was found as in 
suspensions of untreated baker's yeast. In fed and budding yeasts 
also the pH was considerably higher than in baker’s yeast. 

When the fixed suspensions were centrifuged and the pH was 
determined in the clear solution (the extract), the pH of the ex- 
tract of baker’s yeast thus obtained was practically equal to that 
found in the suspensions before centrifugation. The extract from 
3 ’-east, which after pretreatment exhibited higher pH values, reg- 
ularly showed a value higher by 0.05 pH units than that in the 
suspensions. This discrepancy between the pH measured in sus- 
pensions and that in centrifuged extracts appears most markedly 
in measurements performed at given concentrations of carbon 
dioxide in the gaseous phase. Owing to the removal by centri- 
fugation of the solid cellular constituents of the suspensions at 
a given carbon dioxide concentration, the pH of the extract is 
considerably lower than that of the suspension. 

In order to estimate the pH of the yeast cells at a given concen- 
tration of carbon dioxide in the gaseous phase, pH measure- 
ments had to be performed at the same carbon dioxide concen- 
tration as that prevailing during pretreatment of the yeast. Since 
-j capacity of the centrifuged extract towards carbon 

10 X 1 e was very different from that of the suspension, pH deter- 
minations nere performed only of the suspensions and hot of the 
cen ri uge extracts in the subsequent experiments. 
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a) Dilution Effect. 

Since during lieal-fixation of the yeast the cell content is diluted 
with intercellular and added water, the pH values in the fixed 
suspensions, measured both in air and in the presence of carbon 
dioxide, do not correspond fully with those exhibited by the 
undiluted cell content. Tiiis dilution effect on the pH was first 
e.xainined in experiments on .suspensions of baker’s yeast diluted 
with various <juant.itios of water which was added before or after 
heat-fixation. Jn the first ca.se, 10 g. of washed yeast was diluted 
with 2, 11, 5, 10 and 20 ml. distilled water and the suspensions 
were heat -fixed. Jn the .second case, samples of fixed suspensions 
of 10 g. of ye.nsf. suspended in 3 mi. water were inbced with 
1 .nnd 2 volumes of distilled water, tlie pll being measured in the 
suspensions thu.*: obtained. Jn the calculation of the amount of 
water of dilution, tlie intercellular water content of the initial 
baher’.s yeast wa.s talo-n to he 25 % of its wet weight (cf. Cljapter 
II, section C 0). After centrifugation the dry weight of the yeast 
was 22.5 Assuming the water content of the cells during washing 
not to be clmnged to a mitabie extent, 10 g. of weighed baker’s 
ye.asf corresponfl.*-' ajijiroximately to 11.1 g. centrifuged yeast 
witli 2,5-hlA ml.. i.t\ 3.G ml. intercellular water. The sum of 
this water and the amount added to the su.spcnsion as above is 
denoted as w.nter of dilution. Change.s in the pH ns functions of 
the rpuintity of water of dilution ]H’r ml. cellular water are shown 
in Fig. 30, curvc.s 1 and II a (cf. Table 27). 

As appear.s from the curves, the pH of the suspensions increases 
with increasing qn.antitics of water of dilution. ^Micn the pH 
value 5 !i eslrapolatcd from curve 1 to zero water of dilution, 
i.f. she pH of the undiluted cell content, we arrive at a value- 
lower by 0.07 pH unit:-; than that measured in suspensions of 10 g. 
of yeast in 3 ml. sulded water (corresponding to 1..'52 ml. water 
of dilution I'jcr mi. celiular water). By extrapolation ol curve TI a, 
a corrcj'ponding change in the pH is found for zero water of di- 
lution, viz. a value lower by O.OC })H units than that measured 
in the initial suspension. No es.sential difference is thus found in 
the dilution effect in fixeil .suspensions of 10 g. yea.st -|- 3 ml. 
W!uer, whether the water of dilution is added ho-forc or after heat- 
fixniion. In determinations of the effect of diluting the centri- 
fuged (extract of a lieat-fixed puspen.sion of 10 g. yeast m 3 ml. 
v.-afer, the same %’aiuc was obtained. 

I0~~iioaps 



146 


KNOT M. BRANDT. 


pH 


0 

4 


.O’ 

ISa 

— ° — 

■f 

- .o'' 

If 


/Wa 




Fq>,-- 

••• 



-0^ 







• 



— •7— 

Mb' 

' r 

M 


•fl'- 

,^Eb 

"o-.X 

■''0 

bl. 


Fc, 

•^Jn 


L__. 

1 

1 

1 ! 


0 2 4 5 “8 

• ml.wafer of dilution per 
ml.intrscellular water 


Tig, 89. Effect of dilution on the pH 
in suspensions of heat-fixed yeasts. 
I: Suspensions of baker’s yeast fixed 
in the presence of different quantities 
of •water of dilution. pH values meas- 
ured in suspensions in air. II — ^VI; 
Heat-fixed suspensions of 10 g. yeast 
-f 3 ml. -water diluted after fixation 
■with different quantities of water. pH 
values measured in suspensions in air 
(a) and in equilibrium -with gaseous 
phase containing different amounts of 
COj (b and c). Eor the key, see Table27. 


The effect of dilution on the pH was further determined in 

SZTl pietreatments ex- 
yeast n' suspension of baker’s 

yeast. For practical reasons, the effect of dilution on the pH 

hSfiMd “ measurements on dilution series^of 

“tr”a n 7rvT;°' + S ml. distilled water. 

tion effect on al nH ^ 39illusttatethedila- 

difference betwoon «Tr /' , curves and the 

and that measured It l.sfml 

ment with those obtained in* are in good agree- 

yeast (n a) Table 27 sbn untreated bakers 

obtained in hel flLd slIr-^ -1^- 

for the undiluted cell ^ontenr' ' 

The pH values in the heat-feed suspensions and in samples 
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TaWe 27. 


Effeci of diluiion on the pH in heat-fixed suspensions with different 
pH values of 10 g. yeast + S ml. water. The effect determined in 


Yeast 

Denota. 
tion 
of the 
curves 
in 

Fig. 39 

pH 

determ- 

ined 

when 

gaseous 

phase 

contained 

Temp. 

°C. 

determ- 
ined in 
the heat- 
fixed 
suspen- 
sions 

pH 

extrapol- 
ated to 
zero 

water of 
dilution 

Dilu- 
tion 
effect 
in pH 
units 

Baker’s yeast 

I 

air 

21 

6.28 

6.21 

ID 

Baker’s yeast 
» » 

II a 
II b 

air 

25 % CO, 

m 

6.30 

6.05 

6.24 

6.17 


Suspension of baker’s 
yeast* in water, sha- 
ken for 70 min. at 
25° C. in air 

III a 
ni b 
III c 

air 

2.5 % CO, 
5 % CO, 

24 

25 

25 

6.57 

6.48 

6.40 

6.50 

6.44 

6.40 

-f 0.07 
4- 0.04 
0 

Suspension of baker’s 
yeast in SS buffer, 
shaken for 40 min. 
at 25° C. in gaseous 
phase with 50 % 0, 
4- 25 % CO, -f 
25 % N, 

IV a 

IV b 

air 

25 % CO. 

24 

25 

7.29 

6.50 

7.20 

6.C3 

-f 0.09 

— 0.13 

Suspension of budding 
yeast in water, sha- 
ken for 70 min. at 
25° C. in gaseous 
phase with 50 % 0, 
50 % CO, 

■ 

air 

25 % CO, 
50 % CO, 

25 

24 

25 

6.97 

6.43 

6.21 

6.89 

6.57 

6.30 

- 1 - O.os 

— 0.14 

— 0.15 

Fed yeast 

BB 

air 

2.5 % CO, 
5 % CO, 

25 

25 

25 

7.1G 

6.97 

6.82 

7.08 

7.01 

6.88 

m 


' The pH in the heat-fixed suspension of the untreated yeast -R-as extremely 
low, pH = 6.19. 


diluted ivitli water were also determined at equilibrium mtb a 
gaseous phase containing carbon dioxide. For 25 % or 50 % 
carbon dioxide in the gaseous phase the pH value shows an ini- 
tial rapid decrease with increasing dilution. The pH changes 
observed in treatment of fixed suspensions with carbon dioxide 
are reversible, since after heating and aeration of the suspensions 
the pH value measured prior to carbon dioxide treatment is 
restored. In suspensions with high pH values, a long period elapses 
before the carbon dioxide is completely expelled. As shown in 
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tiie preceding chapter, the amount of acid-labile bound carbon 
dioxide in the yeast is largely dependent on the oxygen concen- 
tration in the gaseous phase. It vras therefore investigated whether 
the pH of fixed suspensions in the presence of carbon dioxide 
showed different values in the presence and in the absence of 
oxygen. In suspensions in equilibrium with a gaseous phase con- 
taining 25 % carbon dioxide + 75 % nitrogen or 25 % carbon 
dioxide -f 50 % oxygen + 25 % nitrogen, no difference in the 
pH could be detected. 

When the suspensions were diluted with 1.32 ml. water per 
ml. cellular water, pH values were obtained, in the presence of 
25 % carbon dioxide in the gaseous phase, which were lower by 
0.12—0.14 pH units than those graphically evaluated for zero 
water of dilution. This dilution effect was rather independent of 
the initial pH value of the suspensions. In the presence of 50 % 
carbon dioxide, the dilution effect rvas practically the same (0.15 
pH units) (see the examples in Fig. 39, curves II b, IV b, V b, 
and V c, and Table 27). 

Since in the living yeast cell a continuous production of carbon 
dioxide occurs, a certain carbon dioxide pressure must be supposed 
to prevail within the cells in suspensions shaken in air. For an 
estimation of the pH of different yeasts in air it was therefore 
of interest to know the effect of dilution on the pH of the heat- 
fixed suspensions at rather low carbon dioxide concentrations 
such as 2.5 % and 5 % carbon dioxide in the gaseous phase. In 
contrast to the almost uniform values of the dilution effect in 
air and 25 % and 50 % carbon dioxide, at low carbon dioxide 
concentrations different effects are obtained in suspensions with 
low and high pH values (see Fig. 39, curves III b. III c, and Yl b, 
c, and Table 27). In a suspension with an initial pH of 6.57 
(III a), in the presence of 5 % carbon dioxide in the gaseous 
phase (HI c), the dilution effect is zero. The increase in pH ob- 
served with increasing dilution of suspensions in air is compensated 
by a tendency for the values to decrease with increasing dilution 
in tlie presence of carbon dioxide. In a suspension with an initial 
pH of 7.16, however, even at 2.5 % carbon dioxide in the gaseous 
phase the latter effect preponderates {Yl a— c). men the initial 
pH value of the suspension is high, the values measured, even 
for low carbon dioxide concentrations in the gaseous phase, are 

thus lower than the extrapolated value for the undiluted cellular 
content. 
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h. Estimated pH Values in Balter’s Yeast and Yeasts Pretreated 
under Various Conditions. 

As a consequence of the above-described effect of dilution 
on tbe pH in beat-fixed suspensions of 10 g. yeast -f 3 ml. water, 
tbe pH value measured in tbe presence of different amounts of 
carbon dioxide in tbe gaseous phase is lower than that obtained 
for tbe undiluted cellular content after correction for tbe dilution 
effect. This is especially true for measurements on tbe centri- 



% CO2 in gaseous phase 


Fig. 40. pH in suspension (I) and centrifuged esrtract (11) of heat-fixed baker’s 
yeast. 3Ieasurcmcnts performed in equilibrium with varjung amounts of CO, in 
gaseous phase. (Ill) pH in the undiluted cell content. 

fuged extracts of beat-fixed suspensions. Kg. 40 exhibits tbe pH 
changes measured in suspensions (I) and centrifuged extracts 
(II) from baker's yeast. A correction of curve I, on tbe basis of 
tbe dilution effects estimated above for measurements in a gaseous 
phase with air or with different amounts of carbon dioxide, yields 
curve in, which then corresponds to the pH changes calculated 
for the undiluted cellular content of different concentrations of 
carbon dioxide in tbe gaseous phase. Kom curve III it results 
that tbe pH in the protoplasm of untreated baker’s yeast is al- 
most unaffected by low concentrations of carbon dioxide and 
that the decrease in pH is relatively small even at high concen- 
trations of carbon dioxide. This phenomenon is of immediate 
interest, since beat-fixed suspensions of baker’s yeast pretreated 
under anaerobic conditions in tbe presence of various amounts 
of carbon dioxide in tbe gaseous phase have approximately the 
same pH value as is found in suspensions of untreated baker’s 
yeast when tbe pH is measured in tbe presence of air. Curve IH 
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therefore approximately represents the pH values in the proto- 
plasm of baker's yeast under anaerobic conditions at various 
carbon dioxide concentrations in the gaseous phase. 

The pH was further determined in different yeasts pxetreated 
under aerobic and anaerobic conditions both in the presence and 
absence of carbon dioxide. For this purpose, the yeasts were pre- 
treated in suspensions with the same yeast concentration as was 
employed in the determinations of the amount of bound carbon 
dioxide in yeast (Chapter IV). During pretreatment of the differ- 
ent yeasts, 75 ml. yeast suspension, consisting of 10 g. washed 
yeast in water or in 0.059 M SS buffer, pH 5.1, was shaken in a 
450 ml. culture flask provided with a stopper with two stopcocks. 
In experiments on fed or budding yeasts, only half the amount 
was used per flask. In this manner, the rather vigorous production 
of carbon dioxide and consumption of oxygen during the relati- 
vely strong endogenous metabolism of these yeasts affected the 
composition of the gaseous phase to a lower degree. 

With constant shaking, 2 litres gas mixture was passed through 
the flasks over 8 — 10 minutes. In experiments under anaerobic 
conditions, the flasks and their contents were rinsed for 2 min- 
utes with a vigorous nitrogen stream prior to the gas passage 
proper. The suspensions were shaken for 40 or 70 minutes, which 
period included the time of aeration. The period of 40 minutes 
corresponds to the time during which the yeast had been shaken 
in the gas mixture of given composition for the determination 
of bound carbon dioxide (f.e. the period from the beginning of 
the filling of the Warburg apparatuses with gas to the tipping 
of p-toluenesulphonic acid; cf. above). VTien the shaking was 
completed, the suspensions were cooled immediately to about 
-(-5° C. and centrifuged in ice-cooled centrifuge tubes. WTien 
buffer was employed as suspension medium, the yeast was washed 
once with cooled water. The centrifuged yeast was suspended in 
3 ml. water and heat-fixed as described above. The pH was deter- 
mined in the suspensions in air and in equilibrium with the same 
carbon dioxide concentration in the gaseous phase as used during 
pre treatment. 

In an attempt to find whether a difference in the pH was ob- 
tained after the use of water andHa-SS buffer as suspension media, 
c.xperiments were performed on baker^s yeast which after sus- 
pension in water or buffer was pretreated under aerobic or an- 
aerobic conditions in the presence of 25 % carbon dioxide in the 
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gaseous phase. Eepeated experiments did not reveal significant 
differences between the pH values in yeast pretreated in suspen- 
sions in water and in buffer, nor could any effect on the pH he 
observed when the pretreated cooled yeast had been washed 
twice instead of once. Since the amount of carbon dioxide bound 
in yeast under aerobic conditions decreases the jxioie, the longer 
the yeast is aerated, experiments were undertaken to find whether 
the pH value of the yeast was reduced by prolonged shaking in 
a gaseous phase containing oxygen. Pretreatment of the yeast 
for 40 or 70 minutes under aerobic conditions juelded no signi- 
ficant difference in the pH values, irrespective of whether the 
yeast had been shaken only in air or in the presence of a mixture 
of carbon dioxide with 50 % oxygen; the same was the case 
when the yeast was first shaken for 0—90 minutes in air and 
subsequently for 40 minutes in a gaseous phase containing 50 % 
oxygen, 25 % carbon dioxide and 25 % nitrogen. 

Table 28 shows the mean values in yeasts pretreated in differ- 
ent manners. The values are corrected for the change in pH de- 
scribed above, which is obtained after dilution of the cellular 
content by heat-fixation. The standard deviation, calculated from 
measurements on various yeast samples after different pretreat- 
ments, was c. 0.06 pH units. The mean error of the values given 
in the table, however, amounts in all probability to only about 
half of this value, since the values given are means in the calcu- 
lation of which the pH values of the initially untreated yeast 
are taken into consideration. This could be done, since in experi- 
ments on yeast exhibiting initially high and low pH values, a 
corresponding variation in the pH was obtained after pretreat- 
ment. For an estimation of the interdependence between the 
amount of bound carbon dioxide and the pH in the yeast, reliable 
values are necessary for the difference between the pH values 
of yeasts pretreated at similar concentrations of carbon dioxide 
in the gaseous phase, but under aerobic and anaerobic conditions. 
In order to reduce the errors originating in biological variations 
of the yeast, the pH values were as a rule determined simultane- 
ously under aerobic and anaerobic conditions, emplo}'ing the 
same initial yeast. 

As the pH value of yeast pretreated in a gaseous phase of a 
certain composition proved to be practically independent of 
whether the pretreatment had lasted for 40 or 70 minutes and 
whether the suspension medium was water or Ha-SS buffer, all 



152 


knut m. bbaott. 


Table 28. 


pH values in yeast pretreated in different manners. 

The figures represent means of pH values, corrected for the Ration effect, measured at 
in heat-fixed suspensions of 10 g. yeast -f 3 ml. distiUed water. The values m 
t^c represent pH values in yeast at the COrConcentration of the pretreatment. The 
in narentheses denote the pH when the intracellular concentrations of CO, correspond 
9 ^ 0 / and 5 % CO- in the gaseous phase. “40,70” and “water, buffer denote, respectively, 
that' the relevant values applv irrespective of whether the treatment ksted for 40 or 70 
minutes and of whether the medium was water or Na-SS buffer. 


No. 

Yeast 

i 

Treatment 



pH value for cells in 
equilibrium with gaseous 
phase containing the 
following CO, percentage 

! 

Time 

in 

min. 

Suspension 

medium 

Composition of 
gaseous phase 

0, 

CO, 



2.5 % 

5 % 

25 % 

50 % 

1 

Baker’s yeast 




- 



B 

(6.19) 

(6.19) 





40, 70 

water 

20% 

— 

80% 


(6.57) 

(6.53) 



3 

t tt 

‘ 70 

water 

50% 

— 

50% 

6.79 

(6.71) 

(6.65) 



4 


70 

water 

50% 

5,% 

45% 

6.96 


6.81 



0 


;40, 70 

water, buffer 

50% 

25% 

25% 

7.1 S 



6. G 2 


6 

» B 

40, 70 

water 

50% 

50% 

— 

7.34 




6.47 

7 

6 9 

40 

Na-SS buffer 

10% 

25% 

65% 

6.86 



■9 


8 

» 9 

40 

K-SS buffer 

10% 

25% 

65% 

6.97 





9 

» » 

70 

water 

— - 

, 


6.22 

(6.21) 

(6.20) 



10 

9 9 

1 70 

water, buffer 

— 

25% 

75% 

6.28 



6.25 


1 11 

9 » 

! 70 

water 

— 



6.23 





12 

Starved yeast 

i 




- ■ . 



6.27 

(6.25) 

(6.24) 

m 


13 

9 9 

40, 70 

water 



— 

6.47 




6.23 

14 

9 * 

i 70 

water 

— 


50% 

6.20 




6,10 

15 

Fed yeast 

j 








WM 

(6.96) 

(6,85) 



16 

» 9 


Na-SS buffer 


25% 

25% 




6.58 


17 

9 9 


water 

Kity 

50% 






6.41 

18 

» » 



— 

25 % 

75% 

6.71 



6.48 


19 

Budding yeast 

■■I 

— 



- 

6.89 

(6.80) 

(6.73) 



20 

9 9 

B 

Na-SS buffer 

iaiKtM 

25% 

25% 

6.94 



6.55 


21 

9 9 

K 

water 

iiiity 

60% 


6.88 




6.37 

22 

9 9 

K3i 

Na-SS buffer 

— 

25% 

75% 

6.64 



6.44 


23 

Dried yeast un- 





■ 







washed 

j 






6.20 





24 

Dried veast 












washed once 

1 — 


— * 

— 

^9 

6.38 





25 

Dried yeast 

|19 hs 

Water 


_ 

80% 

6.30 





26 

9 9 

;i9 hs 

Na-SS buffer 


— 

80% 

6.26 






pH tallies listed in Table 28 may be regarded as corresponding 
to tbe pH values exhibited by the yeast after treatment tvith a 
corresponding gas mixture in the same maimer as in the deter- 
mination of bound carbon dioxide in yeast. The pH values given 
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or anaerobic conditions refer to experiments in wHcb oxygen 
was not completely absent. Tlie oxygen concentration in tbe 
gaseous phase, however, presumably did not exceed 1 %. 

During treatment of yeast suspensions in originally almost 
GOj-free gas mixtures, due to the metabolism c. 1—2 % carbon 
dioxide is obtained in the gaseous phase at the conclusion of 
shaking. In view of the carbon dioxide production in the cells, 
the concentration of this gas in the cell may be somewhat higher 
than would correspond to the composition of the gaseous phase 
at the end of the treatment, and it presumably increases ^vith 
the intensity of the endogenous metabolism (cf. p. 157). Especi- 
ally in experiments with low concentrations of carbon dioxide in 
the gaseous phase, excessive pH values are obtained if considera- 
tion is not paid to the fact that the concentration of carbon di- 
o.xide in the cell is higher than that in the gas mixture employed. 
For an estimation of the pH values in yeasts shaken in originally 
COj-free gas mixtures. Table 28 gives, in brackets, the pH values 
in the cells calculated under the assumption that a concentration 
of carbon dioxide is maintained in the coll corresponding to 2.5 
or 5 % carbon dioxide in the gaseous phase. In experiments with 
a gaseous phase containing 25 — 50 % carbon dioxide, the said 
increase in the concentration of carbon dioxide in the cell has 
not been considered. 

It is clear from Table 28, Hos. 1 — 3, that after treatment of 
a suspension of baker’s yeast for 40 — 70 minutes in air or in a 
gas mixture of 50 % oxygen -}- 50 % nitrogen, a considerable 
increase in the pH of the yeast is obtained, which is more marked 
at higher concentrations of oxygen. After shaldng the yeast for 
a longer t ime in air (starved yeast, No. 12), the pH value decreases 
again. The effect of aerobic pretreatment on the pH in yeast 
appears most clearly in the presence of carbon dioxide in the 
gaseous phase. Pretreatment wdth an addition of only 5 % carbon 
dioxide to the gaseous phase containing 50 % oxj^'gen causes an 
increase in the pH value, measured in COa-free heat-fixed sus- 
pensions, over that found after pretreatment without carbon 
dioxide (cf. Nos. 3 and 4). After aerobic pretreatment with higher 
concentrations of carbon dioxide in the gaseous phase, a further 
increase in the pH value is observed in determinations of the pH 
in COj-free suspensions. 

Fig. 41 illustrates the discu.ssed effect of pretreatment on the 
pH in baker’s yeast shaken in a gaseous phase with 50 % oxygen 
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Fig. 41. pH in baker’s yeast pretreated for 70 min. at 25° C. iii suspension in 
^vate^ rrith gaseous phase containing 50 % 0. varying amounts of CO.. (pH 
determinations in heat-fixed suspensions at 23 — 25° C.). 

(la) pH in suspension, and (II a) pH in the cells, measured in equilibrium tvith air, 
(I b) pH in suspension, and (II b) pH in the cells, measured in equilibrium with 
COj-concentration of pretreatment. 

(Ill) pH in the cells at different CO* pressures, if afterthe pretrentmentthe values 
measured in air had been constant. 


and 0 — 50 % carbon dioxide. As examples are given tbe curves 
for the pH values in suspensions measured both in air and in 
equilibrium "with the same carbon dioxide concentration in the 
gaseous phase as used in the pretreatments (curves I a and I b). 
Furthermore, curves II a and II b show corresponding pH values 
calculated for the undiluted cellular conietU. For purposes of com- 
parison with curve II b, curve III is drawn, which illustrates the 
pH changes in the cell which might be expected to occur at varying 
concentrations of carbon dioxide if, after pretreatment, the pH 
value of the fixed suspensions measured in air did not follow 
curve I a, hut was constant at 6.87. It results from curve H a that 
the higher the concentration of carbon dioxide is in the gaseous 
phase during pretreatment, the higher is the pH in the fixed cells 
measured in air. Despite this, the pH values calculated for the 
cells in the presence of carbon dioxide (II b) in experiments at 



METABOLIC EFFECT AND BINDING OF CARBON DIOXIDE. 155 

liigli concentrations of tlie latter are essentially lower than the 
value found after pretreatnient without carbon dioxide. The pH 
value of yeast pretreated with 50 % carbon dioxide in the gaseous 
phase, however, is higher than that in untreated baker’s veast 
(cf. Table 28, Nos. 1, 4—6). ^ 

The increasing effect of aerobic pretreatment on the pH of 
the cell also appears in experiments with only 10 % oxygen in 
a gaseous phase containing 25 % carbon dioxide (cf. Nos. 1 and 
7 in Table 28). Since the amount of bound carbon dioxide at this 
oxygen concentration was higher during treatment of yeast sus- 
pended in K-SS buffer, pH 5.1, than in Na-SS buffer with the 
same pH (see Nig. 36), it was investigated whether the pH in 
yeast shaken in K-SS buffer in the presence of 10 % oxygen and 
25 % carbon dioxide was higher than in yeast treated similarly 
in Na-SS buffer. Nos. 7 and 8 show that this is the case, although 
the difference in the pH values determined at equilibrium with 
25 % carbon dioxide in the cells is quite small. 

The marked changes in the pH of the cell under aerobic condi- 
tions scarcely occur during treatment under anaerobic conditions. 
After shaking baker’s yeast in a gaseous phase with nitrogen 
alone or in the presence of up to 50 % carbon dioxide, practically 
no change in the initial pH value can be observed (cf. Nos. 1 
and 9 — 11 in Table 28 and curve III in Nig. 40). This absence 
of an effect of pretreatment under anaerobic conditions in the 
presence of carbon dioxide, which was already mentioned in Chap- 
ter III, is also found in the study of titration curves for centrifuged 
extracts from heat-fixed yeast, as described later. 

In agreement with these observations, in experiments on starved 
yeast performed under aerobic conditions after addition of 50 % 
carbon dioxide to the gaseous phase, an increase in the pH value 
measured in air was also observed (Nos. 12 and 13). The pH value 
of starv'ed yeast under anaerobic conditions in the presence of 60 
% carbon dioxide, just as in experiments on baker’s yeast (No. 
11), is lower than that observed after treatment under aerobic 
conditions (Nos. 12 — -14). 

The measurements made on baker’s yeast and starved yeast 
show that the changes in the acidity of the protoplasm are inti- 
mately associated with a respiration. The pH value found in un- 
treated baker’s yeast agrees well with the values for baker's yeast 
after pretreatment under anaerobic conditions. Untreated baker s 
yeast may thus be regarded as a yeast pretreated under anaero- 
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bic conditions. Observations naade in experiments on starved 
yeast indicate, furthermore, that the magnitude of the pH changes 
in the cell under aerobic conditions is possibly dependent on the 
magnitude of the endogenous respiration or on the activity of 
the° respiratory enzyme. When baker's yeast is shaken under 
aerobic conditions in the presence of, for example, 50 % carbon 
dioxide, a pH value is obtained which is considerably higher 
than that found in starved yeast under corresponding conditions. 
In the latter case, the majority of the monomolecular respira- 
tion has disappeared and only a weak, rather constant respiration 
persists. 

Observations on the pH in baker's yeast pretreated with so- 
dium azide pro\dded further support for the supposition that 
respiration plays an essential part in the increase in pH under 
aerobic conditions. In these experiments, the yeast was pretreat- 
ed in accordance with the description given in Chapter lY (pre- 
treatment of yeast with different cellular poisons with the aim 
of determining bound carbon dioxide in the yeast), although 
with variations necessary for technical reasons. 5 g. yeast was 
suspended in 300 ml. 0.081 M. Na-SS buffer, pH 5.1, containing 
1.0 millimol. sodium azide per litre. The suspension was shaken 
in the presence of air for 30 minutes at 25° C. in 1.8 litre culture 
flasks. It was subsequently cooled, and the yeast was centrifuged 
and resuspended without washing in 32.5 ml. Na-SS buffer (final 
concentration 0.059 M). This suspension was then shaken in 450 
ml. culture flasks in a gaseous phase containing 50 % oxygen 25 
% carbon dioxide -f- 25 % nitrogen for a further 35 minutes. 
After cooling, the yeast was centrifuged, washed once and sub- 
sequently heat-fixed. 

In two experiments in which the yeast had thus been pretreated 
in the presence of azide, the pH values in the cells measured in 
the presence of 25 % carbon dioxide were only 6.16 and 6.19, 
i.e. insignificantly lower than the values to be expected for 
baker s yeast pretreated under anaerobic conditions at this carbon 
dioxide concentration. This low pH agrees well with the observa- 
tion that, after pretreatment of baker's yeast at the same azide 
concentration, the carbon dioxide binding under aerobic condi- 
tions is strongly inhibited (Table 25), a finding which, as men- 
tioned m the preceding chapter, may be associated with the marked 
inhibition of endogenous respiration by azide. 

After pretreatment of baker's yeast under aerobic conditions 
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with glucose or glucose and ammonium chloride, the pH obtained 
in fed and budding yeasts is higher than that found after shaking 
a suspension of baker’s yeast only under aerobic conditions (Table 
28, Nos. 15 and 19). After shaking of both fed and budding yeasts 
in a gaseous phase containing 50 % oxygen -f- 25 % or 50 % 
carbon dioxide, no essential change in the pH value initially 
measured in air is found (Nos. 15—17 and 19—21). The fact 
that pretreatment with carbon dioxide under aerobic conditions 
only slightly affects the pH in the CO.-free content of these 
yeasts may be attributed to the intense carbon dio.xide produc- 
tion occurring during the initial pretreatment. The carbon di- 
oxide pressure prevailing in the gaseous phase may therefore 
have been rather high and even somewhat higher within the cells. 
During the time of the initial pretreatment (2 ^/o hours), the pH 
value of the cell may possibly have been stabilized. After treat- 
ment of the yeast under anaerobic conditions in the presence of 
25 % carbon dioxide in the gaseous phase, just as in baker’s 
yeast and starved yeast, lower pH values are obtained in the 
yeasts than under aerobic conditions (Nos, 18 and 22), The val- 
ues are, however, considerably higher than the corresponding 
values for baker’s 3>-east and starved yeast, 

pH determinations were also performed on dried yeast pre- 
treated by washing, or shaking suspensions in water or in Na-SS 
buffer (pH 5,1) under aerobic conditions for 19 hours. The dried 
yeast employed had been stored in the refrigerator at c. -!- 5° C. 
for 19 months. In the preparation of suspensions of unwashed 
dried yeast for heat-fixation, 2.80 g. yeast was suspended in 11 
ml. distilled water. If washed, dried yeast or yeast from suspen- 
sions shaken overnight was employed, the centrifuged yeast 
was suspended in 3.5 ml. Avater instead of 3 ml. water, as in ex- 
periments on other yeasts, since pretreated dried yeast has a 
lower water content than intact baker’s yeast. Table 28 (Nos. 
23 — 26) shows the pH values obtained in dried yeast after various 
pretreatments. Unwashed dried yeast has a pH of 6.20, increasing 
after Avashing to 6.38. As is found from the titrations of extracts 
from these heat-fixed yeasts described below, the increase in 
pH after Avashing originates in a washing of acid components 
from the yeast. After aeration of the yeast for 19 hours an water, 
no increase in pH of the protoplasm could be detected. ^ ® 
yeast Avas shaken in the presence of Na-SS buffer, pH 5. , a 
pH value Avas found AAdiich was eA^en someAvhat lower than a 
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in waslied dried yeast. After shaking a suspension of dried yeast 
overnight, however, a restitution of the buffering capacity of 
the protoplasm was observed. This is made clear by a comparison 
of the titration curves for extracts of dried yeasts pretreated in 
various manners with the corresponding curves for baker’s yeast 
or starved yeast (see below and Tig. 46), 


2. Electrometric Titration Cuiwes. 


In the preceding sections, only the pH changes occurring in 
yeast after different pretreatments have been described. For 
an evaluation of the values observed, the relative buffering capac- 
ities in the centrifuged extracts from heat-fixed yeasts were 
also investigated. Especially in those cases where, after different 
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Fig. 42. pH changes during titration of 0.30 ml. centrifuged extract of heat-fixed 

yeasts. 

(I) Baker’s yeast. 

(II) Starved yeast. 

(III) Baker’s yeast shaken in air for 70 min. 

(IV) Baker’s yeast shaken in for 70 min. 


yeast pretreatments, the pH values were practically unchanged, 
it should be possible to form some opinion as to whether a differ- 
ence in the acid- and alkali-binding properties of the cell sap 
prevails despite the similarity of the pH values. For the study 
of the buffering capacity, electrometric titrations were performed , 
with sodium hydroxide and hydrochloric acid on 3.00 ml. centri- 
fuged extract from heat-fixed yeast, both being added with a 
OGH syringe (0.30 ml.). Since the main part of the insoluble 
ce u ar constituents, including the denaturated proteins, had 
been centrifuged off, the titration curves refer principally to the 
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total amount of the soluble substances of the protoplasm. Figs. 
^2 46 represent titration curves for yeasts treated in different 
manners as described above. 

Fig. 42 shows curves obtained in the titration of extracts from 
untreated baker’s yeast, starved yeast and baker’s yeast pre- 
treated under aerobic and anaerobic conditions. The titration 
curves exhibit similar courses; that for baker’s yeast shaken in 



Fig. 48. pH clmngcs during titration of 0.30 ml. centrifuged ext ract of heat-fixed 

yeasts. 

(I) Baker’s yeast. 

(II) Baker’s jmast shaken in gaseous phase containing 50 % 0. -f 50 % CO, for 
70 min. _ 

(III) Baker’s yeast shaken in gaseous phase containing 50 % N. -f 50 % CO. for 
70 min. 

air for 70 minutes (III) lios above that for untreated baker s 
yeast (I). When curve III is displaced along the x-axis, however, 
it can be brought to coincide completely with curve I. Shaking 
of baker’s yeast in nitrogen or starvation overnight in air does 
not bring about any important changes, either in the pH of the 
extracts or in the form of the titration curves. IVhen the yeast 
is shaken in air for a short time, the pH is increased; since, how- 
ever, the form of the curve is identical with that of initial yeast, 
the buffering capacity is practically unchanged. (Only titration 
with alkali was performed in this case.) 

As mentioned previously, after pretreatment of baker’s yeast 
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in an atmosphere containing carbon dioxide but no oxygen, the 
same pH value vras found in the extract as in that of untreated 
baker's yeast. The courses of the titration curves for these ex- 
tracts also shorr good agreement, which appears from Fig. 43 
(curves I and III). Pre treatment of the yeast with carbon dioxide 
in the presence of oxygen, however, causes not only an increase 
in the pH value of the extract, but also a change in the shape of 
the titration curves (Fig. 43, curve II). 

After pretreatment of star^md yeast under aerobic and an- 
aerobic conditions in the presence of carbon dioxide, correspond- 



Figr. 44. pH changes during titration of 0.30 ml, centrifuged extract of heat-fixed 

yeasts, 

(I) Starved yeast. 

(U) Starved yeast shaken in gaseous phase containing 50 % Oj-f 50 % COj for 
70 min. 

(Ill) Starved yeast shaken in gaseous phase containing 50 % N. + 50 % CO, for 
70 min. *■ , 


ing phenomena were observed (Fig. 44). The divergences between 
the titration curve of yeast pretreated under aerobic conditions 
(II) and those of untreated yeast (I) and starved yeast pretreated 
under anaerobic conditions (HI) are but small (cf. corresponding 
relationships in tbe reduced respiration and capacity for binding 
carbon dioxide under aerobic conditions in starved yeast as com- 
pared with baker’s yeast (Fig. 25)). 

In Fig. 45 are given titration curves for extracts from fed 
(II) and budding (III) yeasts together with those for directly 
fixed baker’s yeast (I). The pH values of the extracts from pre- 
troated yeasts are considerably higher than that from baker’s 
yeast. The course of the titration curves of the pretreated mate- 
rials de%aates from that obtained for tbe initial baker’s yeast. 




Fig, 4o. pH changes during titration of 0.30 ml. centrifuged extract of heat-fixed 

yeasts. 

(I) Baker’s yeast. 

(II) Fed yeast. 

(Ill) Budding yeast. 

A comparison of tlie curves indicates that curves obtained b}' 
titration with hydrochloric acid show practically identical courses. 
By a displacement of the curves for the pretreated yeasts along 
the x-axis, the parts of the ctirves for titration with, acid can be 
made to coincide quite well. However, differences in the courses 
of th.e curves are found after titration of the extract with alkali. 
The extract from fed yeast exhibits an especially decreased buf- 
fering capacity against alkali, which indicates a relative re- 
duction in the acid components of the yeast during pretreatment. 

Titration curves of extracts from dried yeasts pretreated in 
the manners described above are collected in Kg. 46. The curve 
for unwashed dried yeast (II) shows that dried yeast contains 
relatively great amounts of buffering substances which may pos- 
sibly be regarded as break-down products formed in the drying 
and storage of the yeast. It is astonishing that the pH value is 
not much lower than that of intact baker's yeast; the opposite 
was to be expected in analogy to a postmortal acidification or 
a reduction in pH after injury to the cells. If the yeast is washed 
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only once, a great part of tlie acid material is removed (cf . curve 
TTT ). Wien a suspension of dried yeast is shaken under aerobic 
conditions in. vrater or buffer, however, titration with sodium 
hydroxide gives curves (lY and Y) which follow very closely 
the corresponding curve for intact baker’s yeast (I), or still bet- 
ter that of starved yeast. This is in. concordance with changes 
described in Chapter 11, Section C, in the permeability of dried 
yeast and the restitution of its properties by shaldng its suspen- 
sions under aerobic conditions. 



Fl^. 40. pH changes during titration of 0.30 ml. centrifuged extract of heat-fixed 

yeasts. 

(I) Baker’s yeast. 

(IT) Dried yeast, umrashed. 

(ni) Dried yeast, washed once. 

(IV) Dried yeast shaken in Na-SS buffer for 19 hours. 

(V) Dried yeast shaken in water for 19 hours. 


Our knowledge of the composition of the yeast plasma, and 
the changes undergone by its components during alterations in 
the metabolism, is still too small to serve as a basis for a discus- 
sion of tbe reactions giving rise to the observed changes in pH 
in tbe yeast under different conditions. The author will, however, 
make a few remarks in this connection. 

It is tempting to suppose that the large differences in pH in 
t e yeast cell observed under aerobic and anaerobic conditions 
arise froni changes in the acid- and base-binding properties of 
the protein, when this nndergoes variations in its physiological 
s ate. an example of this may be named the difference between 
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the base-bindiBg capacities of oxidized and reduced haemoglobin. 
SimilMly, it may be imagined that in the transition of yeast from' 
aerobic to anaerobic conditions, or vice versa, a change in the 
quantities of phosphate, nucleic acid, or other compounds bound 
to the protein would influence its capacity of binding acids and 
bases. 

The observations recounted above of the elevating effect of 
carbon dioxide under aerobic conditions on the pH value of yeast 
plasma, measured in fixed COj-free suspensions, stand in agree- 
ment to the results obtained by Thornton (1933 b) and Fife 
and FRAiiPTON (1936) for plant tissues. The finding by Fife and 
co-workers (1935, 1941) that, under the influence of carbon di- 
oxide, an increase in the concentration of ammonium ions oc- 
curs in the saps of certain plants parallel with the increase in 
pH, has been found not to apply to yeast (cf. Chapter III, E). 

Very little is known regarding the manner in which the phos- 
phate metabolism in yeast cells affects the acidity under diffe- 
rent physiological conditions. An esterification of inorganic phos- 
phate usually involves that the phosphoric acid becomes a con- 
siderably stronger acid (see values of pki and pkz for ester-bound 
phosphoric acid collected by Kobison and Macpablane 1940). 
Under aerobic conditions, the pH in the yeast cell is higher than 
under anaerobic conditions, both in the presence and absence 
of carbon dioxide. Analyses show, on the other hand, that the 
content in the plasma of so-called “free phosphate” imder aerob- 
ic conditions is very much lower than under anaerobic condi- 
tions. The liigh content of bound phosphate in the former case 
should, if this were esterified to the intermediate products in 
the carbohydrate metabolism, rather involve that the pH in the 
cells was lower than under anaerobic conditions. (In e. g. lecithin, 
however, the bound phosphate is internally neutralized (Jukes 
1934).) This conflicts with the experimental findings. 

A change in the pH of the yeast cell, however, may be thought 
equally well to arise from a change in the amount of some acid 
or in the strength of acidic groups in other compounds, e, g. 
the frequently acidic intermediate products formed in the fer- 
mentation processes or entering into the di- and tri-carboxylic 
cj^cIgs. 

The cellular pH may also be affected by changes m the salt 
content brought about by diffusion (especially of cations in yeast). 
Until such time as we Imow to what extent such processes occur 
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and in wliat manner they are conditioned by the metabolism, 
it appears unlikely that the pH changes in yeast 'will be satis- 
factorily elucidated. 

By way of conclusion, it may be mentioned that after the sub- 
jection of yeast to relatively high concentrations of carbon di- 
'Under aerobic conditions, the pH of the yeast at the carbon 
dioxide pressure used in the pretreatment is practically equal 
to, or somewhat lower than, the pH in yeast treated in the ab- 
sence of carbon dioxide, but higher than that in yeasts treated 
under anaerobic conditions either with or without carbon dioxide. 
Under aerobic conditions, the pH in yeast is thus not radically 
changed by the presence of carbon dioxide, although such a 
change was perhaps to be expected, since carbon dioxide clearly 
affects the metabolism under these circumstances. On these grounds 
it Uf fears unreasmahle to account for the metabolic effect of carbon 
dioxide as being due to its direct influence on the mean fH of the 
yeast cell. 

D. Summary of Chapter Y. 

A method for pH measurements in yeast has been developed. 
The pH was determined in suspensions of yeast rapidly heat- 
fixed at 100° C. The pH values were corrected for the change in 
pH obtained by diluting the cellular content 'with intercellular 
and added water (see Fig. 39 and Table 27). 

The pH values in fixed suspensions of yeasts pretreated in dif- 
ferent manners were measured both without carbon dioxide and 
with the same concentration of carbon dioxide in the gaseous 
phase as employed dming pretreatment (Table 28). 

The pH value of untreated baker’s yeast, which may be re- 
garded as a yeast pretreated under anaerobic conditions, is 6.20. 

When a suspension of baker’s yeast is. shaken under aerobic 
conditions, the pH in the cells is strongly increased. On continued 
aeration of the yeast (starved yeast), the pH decreases again 
to almost the same value as prevailed in the initial baker’s yeast. 
During pretreatment of baker’s yeast in the presence of carbon 
diojdde and oxygen in the gaseous phase, the pH further increases 
in fixed suspensions in equilibrium with air; the pH reduction in 
the cell occurring in the presence of carbon dioxide is hereby 
largely counteracted (Kg. 41). The same observations were made 
in experiments on starved yeast in which, however, the change 
in pH is considerably less than that in baker’s yeast. 
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Shaking of a suspension of baker’s yeast under anaerobic con- 
ditions brings about no change in the pH of the yeast. In con- 
trast to the treatment under aerobic conditions, pretreatment of 
the yeast with a gaseous phase containing nitrogen and carbon 
dioxide causes no essential change in the pH value of CO.-free 
heat-fixed suspensions. Ihus, in. the absence of oxygen in the gas- 
eous phase, and under the sole influence of carbon dioxide, no 
reactions occur in the yeast to counteract the pH reduction 
caused by the presence of carbon dioxide (cf. Fig. 40). 

On treatment of baker’s yeast with sodium azide in a con- 
centration causing an inhibition of the endogenous respiration, the 
increase in pH found after aerobic pretreatment cannot be ob- 
served. 

The pH values in fed and budding yeasts were found to be 
7.04 and 6.89, respectively. After pretreatment of these yeasts 
with a gaseous phase containing 50 % oxygen and carbon di- 
oxide, no marked change in the pH measured in COo-free heat- 
fixed suspensions could be detected. The pH value in the cells 
rmder anaerobic conditions in the presence of carbon dioxide 
was considerably higher than in baker’s yeast after corresponding 
treatment, but lower than after treatment of the yeasts with a 
gaseous phase including oxygen and carbon dioxide. 

Electrometric titrations were performed on centrifuged ex- 
tracts from heat-fixed yeasts. The titration curves show that, 
after pretreatment of baker’s yeast and starved yeast under an- 
aerobic conditions, the presence of carbon dioxide does not influ- 
ence the course of the titration curves in the yeast extracts. 

Unwashed dried yeast has a pH of 6.20. After dried yeast 
is washed, its pH increases to 6.38. When a suspension of dried 
yeast is shaken in air for 19 hours, the same pH is obtained as in 
washed yeast. The titration curves show, however, that the buf- 
fering properties of the protoplasm in dried yeast, after aeration, 
largely corresponded to those of intact baker’s yeast; before aera- 
tion, the dry yeast had widely different buffering properties. 
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Discussion. 


A. On the Relation between the Amonnt of Acid-labile 
Bonnd Carbon Dioxide and the pH in the Yeast Cell. 


If, in analogy to the conditions prevailing in blood senun, 
carbon dioxide is primarily bound in yeast to alkali ions, an inter- 
dependence should exist between the values found experimentally 
for the amounts of acid-labile bound carbon dioxide and the 
corresponding pH values in the protoplasm. Since the pH in yeast 
is below 7, the formation of carbonate ions is infinitesimal, and 
only the formation of bicarbonate need be considered. 

The relation between the concentration of bicarbonate ions 
at a certain carbon dioxide concentration and the pH may be 

[H+] [HCO3-] , ^ 

expressed by the equation Fri?ri = hi. In this equi- 

[L'U2j 

librium equation, ki is the first apparent dissociation constant 
for carbonic acid, which includes the constant for the hydration 
[H3CO3] 

equilibrium ^ ■ = k,,. [COj] in both equations is the molar 


concentration of carbon dioxide physically solved in water. 

Since carbonic acid, H2CO3, is very slightly dissociated in the 
presence of bicarbonate, [HCOs"], coming from PB[2C03], can 
be neglected in relation to [HCO3—], which originates from bi- 
carbonate (=[BHC03]). [H003~] thus can be put equal to 
f ' [BHCO3], where f is the activity coefficient for the bicarbon- 
ate ions. When [BHCO3] is substituted for [HCO3—], a new 
equilibrium constant ki' is obtained, which includes f. This latter 
factor may be regarded as being approximately constant in the 
protoplasm. After the equation is adjusted so as to provide a 
logarithmic expression for [H'*'], the Hendeeson-Hasselbaloh 
equation is obtained: 


pH = pki' -f log 


[BHCO3] 
[CO2] • 
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According to Henry's law, the concentration of solved car- 
bon dioxide is proportional to the carbon dioxide concentration 
in the gaseous phase. Bunsen's absorption coefficient, a, denotes 
the number of millilitres of solved carbon dioxide, converted to 
N. T. P., which are solved in one millilitre of solvent at a given 
temperature and 760 mm. Hg pressure. According to Guye and 
PiNTZA (1908), 1 mole of carbon dioxide at 0° C. and 760 mm. 
Hg occupies a volume of 22.26 litres. If the carbon dioxide pres- 
sure is denoted as p^Oj mm. Hg, the concentration of solved 

carbon dioxide [CO,] per litre of solvent. 


Oco, ^or the yeast content is assumed to be constant in experi- 
malts with the same yeast both imder aerobic and anaerobic con- 
ditions. If the experiments are performed at one and the same 
carbon dioxide concentration in the gaseous phase, [COj] is thus 
constant. If the amount of acid-labile bound carbon dioxide de- 
termined experimentally is present as bicarbonate, the difference 
in the pH value of the cells which should correspond to the dif- 
ference in the amounts of carbon dioxide bound under aerobic 
and anaerobic conditions, may thus be calculated in the following 
manner, irrespective of the values of pki' and oco, yeast 

content. 


[BHC 03 ]„„„,„ 
=pki' log — fooj] 


pH„n„„obic =pki' +log 


[BHCOsj^naerobic , 

[CO,] 

.pj. , [BHCOs] aerobic 

I.e. pHaeroblc-P^ccceroblc - log [BHC 03 ]aaaerobio ' 


Since, in this equation, it is immaterial whether [BHCO3] is 
given in the absolute concentration per kilogram of water in the 
cell (cf. below) or in the relative concentration, the values of the 
previously determined amounts of bound carbon dioxide under 
aerobic and anaerobic conditions may be inserted immediately, 
whereupon the following equation is obtained: 

^1. bound COg per g. yeast aerobic 

pHnerobio pHannerotio yr^l.bound COopei g.ycast anacrobic 

The amount of bound carbon dioxide in yeast is several times 
larger under aerobic than under anaerobic conditions. It has 
further been observed that carbon dioxide under aerobic condi- 
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tions greatly affects botli tlie metabolisni of yeast and its pH 
value measured in air, while no effect could be detected under 
anaerobic conditions. These observations led to the supposition 
that, imder anaerobic conditions, carbon dioxide is mainly bound 
as bicarbonate; under aerobic conditions, however, it appears to 
be present also in other forms. If this is the case, in experiments 
with a given yeast, the difference between the pH values of the 
yeast in the presence of similar carbon dioxide concentrations 
in the gaseous phase, with and' without oxygen, would be ex- 
pected to be greater than that found experimentally. 

Table 29 shows the measured and the calculated differences 
in pH for yeasts treated under aerobic and anaerobic conditions, 
with the same carbon dioxide concentrations in the gaseous 
phase. The amounts of bound carbon dioxide are corrected for 
pressure changes in the gaseous phase due to carbon dioxide 
production by yeast. Since the yeast used for anaerobic pH de- 
tenninations was presumably not tmder complete anaerobic con- 
ditions, the amount of carbon dioxide bound imder anaerobic 
conditions are taken to correspond to 1 % oxygen in the gaseous 
phase. As is shown by Table 29, the calculated differences in the 
pH values of yeast under aerobic and anaerobic conditions are 
always considerably higher than those found experimentally. 
This tends to favour the view that part of the acid-labile bound 
carbon dioxide is not boimd as bicarbonate, at least under aerobic 
conditions. 

The discrepancies between the amounts of bound carbon di- 
oxide and the pH values in yeast also appear from the approxi- 
mate value of Ccoj io- yeast calculated below. These calculations 
have been performed in order to elucidate whether the carbon 
dioxide can be bound in forms other than bicarbonate under 
anaerobic conditions also. 

In view of the considerable amounts of dry substance in biolog- 
ical material, Ocoj is generally expressed in ml. carbon dioxide 
per gram of water in the cell and is then denoted as agoj- When 
this definition of a is employed, [BHCO3] should be calculated 
per kilogram of cellular water. In the calculations, it was as- 
sumed that 50 % of the weight of fresh bakexh yeast consisted 
of intracellular water, one half of the remainder being dry sub- 
stance, the other half being intercellular water (cf.p. 73). If carbon 
dioxide is bound as bicarbonate, we obtain, expressing [BHCO3] 
in moles per kilogram of water. 
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ml. bound GO. in 2,000 s. yeast 
[BHCO3] = ^ 32,260 ^ 

//I. bound CO. per g. yeast * 2 
" 22,260 

Substituting this expression for [BHCO3], and the expression 
for [CO2] given above, in the Hendebson-Hasselbalch equa- 
tion, we obtain 

pi. bound GO. per g, yeast *1.52 
pH — pki' -f log 


Hence, we obtain 

log ago,==pki'— pH + log 


Pco, ' ^co, 

pi. bound CO. per g, yeast *1.52 
Pco, 


( 2 ) 


The value for Cco, calculated according to equation (2) is only 
apparent. It is unlmown whether the amount of water assumed 
to be present in the cell is changed during various pretreatments 
of the yeast and whether the cellular water is fully available 
as “solvent water*' for carbon dioxide. The amount of solvent 
water in the cells, however, presumably does not vary essentially 
under aerobic and anaerobic conditions. The values obtained 
for oco, same type of yeast may consequently be assumed 

to be comparable. 

The values of pH, amount of bound carbon dioxide and p^oj 
in. the above equation can be derived from experimental data. 
If carbon dioxide bound in yeast occurs only as bicarbonate, the 
calculated value of ago, should be constant for one and the sanie 
yeast under aerobic and anaerobic conditions. There are consid- 
ered to be no grounds for the supposition that the value of a 
in the cell is appreciably different in the presence and absence 
of oxygen. If the bound carbon dioxide under aerobic conditions 
does not occur completely as bicarbonate, a m the same yeast 
will be greater when the data found under aerobic conditions 
are employed than when the calculation is made with data ob- 
tained under anaerobic conditions. 

The value of pV oaleuloted with the Hesdeeson-Hassel- 
BALOH equation has heeu determiued for serum, haemolyued 
Wood corpuscles aud muscle pulp hy numerous 
who have simultaueously studied thoroughly the effect of pro 
tein concentration on the pk.' value in soluUous 

contents. CUEEEE% Keeeee and 

human and dog serum pki — o.oya at 00 
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C. The temperature coefficient was thus — 0.005 per degree C. 
Hastings, Sendboy and van Slykb (1928) found for human 
serum at 38° C. pk/ = 6.11. Determinations hy Dill, Daly 
and Foebes (1937) yielded the same value for sera from man, 
ox and dog at 37° C. For cat leg muscle pulp, Danielson, Chu 
and Hastings (1939) found a pkj' of 6.10 at 38° C. They also 
performed experiments on salt and protein solutions in which, 
in ail cases, the ionic strength of the salts had been adjusted to 
0.16 M. The following pki' values were obtained at 38° C.; NaCl- 
HaHGOs mixtures with an ionic strength 0.16 gave 6.09, aerated 
haemolysed ox blood corpuscles 6.09, solutions of hen’s egg 
white or egg albumin with 3 — ^12 % protein and pH 6.38 — 7.72 
gave 6.11. In these experiments, the concentrations were deter- 
mined in moles per kilogram of water and it was observed that 
the pki' value was not significantly changed in the presence of 
proteins. 

In experiments on haemolysed red blood corpuscles a lower 
pki' value was obtained than in serum, since carbon dioxide in 
the former system is partly bound to amino groups in the haemo- 
globin with the formation of carbamate (cf. below). The amoimt 
of carbon dioxide thus bound is considerably higher in reduced 
than in oxidized haemoglobin. The apparent value for the dis- 
sociation constant obtained in calculations with the aid of the 
Hendebson-Hasselbalch equation in the presence of haemo- 
globin, denoted as pki'*, is lower, as a consequence of greater 
carbamate-formation, in reduced blood corpuscles than in aera- 
ted cells, being lower in these latter than in serum (see, inter 
alia, VAN Slyke, Hastings, Mubbay and Sendboy 1925, Stadie 
and Hawes 1928, SIaegabia and Gbeen 1933, Ferguson and 
Houghton 1934 b, and Dill, Daly and Fobbes 1937. The re- 
lation between pk/ and pk/* has been treated theoretically by 
Stadie and O’Brien 1937). Dill and co-workers, in experiments 
on human red blood corpuscles, thus determined pk/* — 5.98 
for reduced, and 6.04 for aerated cells. Similar differences were 
observed in experiments on ox blood corpuscles. (The correspond- 
ing values for ox blood, however, are somewhat higher than 
those for human red cells; see Danielson and co-workers 1939.) 
In agreement with the measurements on blood serum by Gul- 
LEN and co-workers, the temperature coefficient for pk/* was 
found to be — 0.005 per degree G. (determined between 25— 37° C.). 
According to the summary given in Landolt-Boenstein’s phy- 
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sico-chemical tables, the temperature coefficient for pki is, how- 
ever, liigher (cf. also Warburg 1922) and may be estimated to 
be — 0.008 per degree C. 

In the determinations of ago, in different yeasts, the pkV 
value of carbonic acid was assumed to be the same as in muscle 
pulp or serum. In these materials, the mean for pki' at 38"’ C. is 
6.10. Taking the temperature coefficient — 0.008 per degree C., 
the value of pki' was found to be 6.20 at 25° G. As previously 
mentioned, in view of the carbon dioxide production in yeast, 
some imcertainty prevails in the evaluation of the carbon dioxide 
concentration in the cell. The probable errors arising from 
this concentration become considerably lower, however, when 
ago, is calculated from data obtained in experiments with rela- 
tively high concentrations of carbon dioxide in the gaseous phase. 
A correction of p^Oj for the vapour pressure of the suspension 
medium has not been introduced, since the relatively low vapour 
pressure at 25° C. can practically be regarded as compensated 
by the increase in carbon dioxide pressure in the cell due to endo- 
genous metabolism. The values of ago, calculated for different 
yeasts, according to equation (2), are given in the last column 
of Table 29. The calculations show that under anaerobic condi- 
tions the value of ago, becomes considerably lower in all cases 
than under aerobic conditions, and, allowing for the rather great 
errors, relatively constant at about 0,5 (with the exception of 
starved yeast, wliich reaches only half this value). 

A comparison of the values of ago, calculated for anaerobic 
conditions in yeast cells with those given in the literature for 
water, serum or red blood corpuscles reveals that the former 
values are very low. Van Slyke, Sendroy, Hastings and Neill 
(1928) have determined the solubility of carbon dioxide in human 
serum and haemolysed ox blood corpuscles at 38° C, In measure- 
ments at 1 or V/- atmosphere carbon dioxide pressure, no differ- 
ence in solubility could be detected. These investigators found 
that, in the presence of salts, the solubility of carbon dioxide 
was decreased, while n the presence of lipids, which themselves 
show a high capacity for binding carbon dioxide, the value of 
a increased. Van Slyke and co-workers report the following 
values for ago at 38° C,: for water 0.547, for serum 0.553, and 
for haemolysed red blood corpuscles 0.60 ml, carbon dioxide 
per g. water in the solution. Thus, ago, in serum and red corpuscles 
is somewhat higher than in water. At 25 C., Ocoj tor water is 



172 


knot m. beandt. 


Table 29. 


Taltzes obtained experimentally and calculated from Equation (i) for 
differences in pH in different yeasts under aerobic and anaerobic 
conditions at the same CO.-concentrahon in the gaseous phase. 

In the last column are given the values, calculated from Equation (2). for 
for the different yeasts, under the assumption that pk', = 6.20. The pH values 
are those given in Table 2o. 


No. 

Yeast 

Composition 
of gaseous 
phase 

u 1. CO, 

■ per g. 
yeast 

pH 

P^aerobic'l^^anaerobic 

. 

cc ^ 

0. 

CO, 

N, 

Nos. 

Found 

Calcul- 

ated 

i 

1 

Baker’s yeast 

9 

25% 

25% 

340 

6.62 

1—2 

0.37 



2 

» » 

— 

25% 

75% 

70 

6.25 





3 

» & 

50% 

m 


500 

6.47 

3 — 4 

0.35 



4 

» » 


50% 


100 

6.12 





5 


mi 

25% 

65% 

210 

6.52 

5 — 2 

0.27 



6 


10% 

25% 

65% 

300 

6.56 

6— 5^ 

0.04 


IBEhI 


Starved yeast 

50% 




145 

6.23 

7—8 

0.13 

0.41 






50% 

50 






m 

Fed yeast 

B 

25% 

25% 

325 

6.58 


0.10 

0.42 


10 

> > 

— 

25% 

75% 

125 

6.48 





11 

6 » 

50% 

w 


645 

6.41 




1.69 

12 

Budding yeast 

50% 

25% 

25% 

535 

6.55 

12-13 

0.11 

0.73 

1.91 

13 

» 1> 


25% 

75% 

100 

6.44 




0.46 

14 


50% 

50% 

— 

645 

6.37 




1.74 


1 Yeast suspended in K-SS buffer, pH 5.1. 

>pH^-pHj.„. 


0.757. If the solubility of carbon dioxide in yeast protoplasm 
■were approximately the same as, for example, in blood corpuscles, 
the value of agoj at 25° C. should not differ much from the value 
for water at this temperature, viz. 0.76. 

For purposes of comparison -ndth the values of ago, given above, 
it should be mentioned that Brooks and Pace (1938) have found 
ago, at 25° C. for fresh hen's egg white to be 0.80 ml. carbon di- 
oxide per g. water in the egg white. Danielson, Chit and Has- 
tings (1939) have given the follo'wing empirical formula for the 
calculation of ago^ in protein-containing solutions: 

al — 0.530 -f 0.2 • (protein) + 0.0125 • (38° — 1°) . 

In this equation, 0.530 is the solubility of carbon dioxide 
in 0.16 M NaCl at 38° C., expressed in ml. carbon dioxide per g. 
water, (protein) is the concentration of proteins in g. per g. water. 
The value of 0.2 was calculated from the data for the effect of 
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proteins on tlie solubility of carbon dioxide in acidified serum 
and in haemolysed blood corpuscles, as reported by van Slyke 
and co-workers (1928). t° is tbe temperature in degrees C By 
means of tbe above formula, Danielson and co-workers obtained 
for muscle tissue containing 0.31 g, protein per g. water and with 
ionic strength 0.16 M, a£oj at 38° C. becomes 0.592 ml. carbon 
dioxide per g. water in the cells. An estimation of ago, for yeast 
at 25 C. with the aid of the same formula, assuming that the 
ionic strength in yeast cells is also 0.16 and that the protein con- 
tent in yeast is 0.24 g. per g. cellular water, should yield a value 
of 0.74. 

From these considerations it follows that the value of ago 
calculated for yeast under anaerobic conditions, as given in 
Table 29, is only two-thirds of the value which might be consid- 
ered reasonable. The reason for the low value may be found in 
possible errors in the values of pkj', pH, the amount of acid- 
labile bound carbon dioxide, and the amount of solvent water 
in the cell. If it be supposed that all these errors contribute to the 
low value of ago^, the value of pk/ must be too low, pH too high, 
and the amount of bound carbon dioxide too small. If pkj'is 
higher by 0.05 units, pH lovrer by 0.05 units, and the amount 
of bound carbon dioxide higher by 5 % than the values given in 
Table 29, the calculation with the data obtained in experiments 
under anaerobic conditions leads to an increase in the value by 
32 %, i.e. with the exception of the value for starved yeast, 
ago, would become c. 0.65. 

Despite the fact that the errors are chosen in such a maimer 
as to co-operate in increasing a, this quantity is still presumably 
too low, indicating that part of the calculated amount of water 
in the cell is bound to proteins or other colloids in the protoplasm 
and is unavailable as "free” solvent water. If this were the case, 
the amount of bicarbonate per kg. of solvent water in the cell 
would be higher than that initially calculated and the true value 
of ago should thus be higher than that calculated above. Our 
knowledge regarding the role of bound water is very scanty; 
it appears probable, however, that the amount of bound water 
can be rather high, especially in plant tissue and in biological 
systems containing little water. (A review of the numerous, but 
frequently contradictory investigations performed with the aim 
Cf determining the "bound” water in biological material is given 
by Brooks and Brooks 1941. Of. also the works by Chandler 
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1941 and Treejian 1942.) The low value of calculated for 
anaerobic conditions largely supports tHs view, simultaneously 
conforming with the previous supposition that carbon dioxide 
is only bound as bicarbonate under anaerobic conditions. 

The values of ago calculated for starved yeast are considerably 
lower than the corresponding values for the other yeasts. The 
cause of this phenomenon is unknown. It appears, however, 
very probable that a considerable reduction in the water content 
of the cells occurs during starvation (Malm, private commimi- 
cation), which might partly e:q)lam this low value of a. 

It results from Table 29 that the values of ago^ calculated from 
data obtained under aerobic conditions are considerably higher 
than those calculated for anaerobic conditions. This is especially 
true of the values for fed yeast treated in the presence of 50 % 
oxygen and 50 % carbon dioxide (No. 11) and budding yeast 
shaken in the presence of 50 % oxygen + 25 % carbon dioxide 
(No. 12) or 50 % oxygen + 50 % carbon dioxide (No. 14). The 
values obtained for the latter yeasts are several times higher than 
those found for anaerobic conditions. All a values found for yeast 
under aerobic conditions favour the view that, in the presence 
of oxygen, a considerable amount of carbon dioxide is bound not 
only as bicarbonate, but also in other forms. Regarding fed and 
budding yeasts, the high values of ago, not siirprising, since 
the marked change in the courses of the carbon dioxide binding 
curves with increasing oxygen concentration in the presence of 
50 % carbon dioxide in the gaseous phase (Figs. 29 and 31) sug- 
gested that carbon dioxide was not only bound as bicarbonate. 
The effect of the oxygen concentration on this unknown binding 
of carbon dioxide is also indicated in the value of ago calculated 
from data for baker's yeast treated in the presence of 26 % car- 
bon dioxide and only 10 % oxygen in the gaseous phase (No. 5). 
The calculated value here lies between the value's obtained for 
yeast in the presence of 0 and 50 % oxygen. 

Table 29 also gives the measured and the calculated differ- 
ences between the pH values in baker’s yeast suspended in po- 
tassium and sodium SS buffers and shaken in the presence of a 
gaseous phase containing 10 % oxygen + 25 % carbon dioxide 
+ 65 % nitrogen. This difference is denoted by pHs— -pHifa. 
Both the experimentally found and the calculated differences 
m pH are rather small. However, the values of ago for yeasts, 
both in sodium and potassium buffers, but especially In the latter, 
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indicate tliat carbon dioxide is bound not exclusively as bicar 
bouate in tbe presence of only 10 % oxygen in tbe gaseous phase' 
The effect of potassium ions on tbe capacity of yeast for binding 
carbon dioxide can scarcely originate in tbe small increase in 
pH of tbe cells observed in tbe presence of these ions. Tbe phe- 
nomenon should rather be attributed to tbe enhancing effect of 
potassium ions on the amount of carbon dioxide bound in an 
unknown manner imder aerobic conditions, an effect which is 
especially great at lower oxygen concentrations (see Fig. 36). 

The coilculoitions thus show that the co/rhon dioxi-de hound in yeast 
under anaerobic condiitions probahly occurs only as bicarbonate hit 
that under aerobre eond'itxons Carbon dxoxtde 'is also bound m another 
manner. If we consider yeast treated with a constant carbon 
dioxide concentration in the gaseous phase and calculate, with 
the help of Equation (1), (on the basis of the determined amounts 
of carbon dioxide bound under anaerobic conditions and the value 
cf pHaeroiiic P'^^^naerobic) bow great an amount 01 carbon di- 
oxide is . bound as bicarbonate under aerobic conditions (50 % 
Oj), the following approximate values are obtained. In baker’s 
yeast (in the presence of 25 % and 50 % carbon dioxide), in starved 
yeast (in the presence of 50 % carbon dioxide) and in fed yeast 
(in the presence of 25 % carbon dioxide) about half of the total 
amount of bound carbon dioxide occurs as bicarbonate, while 
in budding yeast (in the presence of 25 % carbon dioxide) only 
about one quarter occurs in this form. 

B. Possibilities for the Binding of Carbon Dioxide in 
Yeast in Forms other than Bicarbonate. 

A binding of carbon dioxide as bicarbonate may occur within 
all cells, thus providing a buffering action against pH changes 
caused by the metabolism. Since the amount of bicarbonate at a 
given concentration of carbon dioxide is dependent upon the pH 
value of the cell, the latter will largely determine the role of 
bicarbonate as a buffer, provided that sufficient alkali reserves 
are available in the cell. From the investigations discussed above, 
it results, however, that, in contradistinction to the results of 
observations under anaerobic conditions, carbon dioxide under 
aerobic conditions can in all probability be bound to a consider- 
able extent in an acid-labile form other than bicarbonate. Carbon 
dioxide, furthermore, has a pronounced effect on the metabolism 
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in yeast only under aerobic conditions, simultaneously giving 
rise to an increase in tbe pH value of the cell. This parallel between 
the metabolic effect and the binding of carbon dioxide in forms 
other than bicarbonate induces us to pay special attention to this 
form of binding, which may be responsible for the effect of car- 
bon dioxide on yeast. 

Several investigators have supposed that a binding of carbon 
dioxide in acid-labile forms other than bicarbonate occurs in 
different biological materials. Further details, however, are known 
only in the case of blood, where carbon dioxide can be bound as 
carbamate (E*NH-COO”). It is unknown at present to what 
extent carbon dioxide, is boimd in an acid-labile form as a pre- 
stage in the carboxylation reactions which bring about, a fixa- 
tion and incorporation of carbon dioxide in the cell material. The 
following discussion will therefore be mainly confined to the 
question as to whether carbon dioxide is also bound as carbamate 
in yeast. We shall commence with a. brief review of existing data 
regarding the carbamate-binding in blood. It should, however ^ 
be emphasized that the part played by carbon dioxide in yeast 
cannot be regarded as comparable with that in blood, since, 
from a physiological point of view, these materials exhibit quite 
different characters. It is obvious that the binding of carbon 
dioxide in blood both .in the form of bicarbonate and in other 
forms and related changes in pH, ionic exchanges etc., form a 
special system for the transport of carbon dioxide (and oxygen), 
while the binding of carbou dioxide in yeast seems to be inti- 
mately associated with the cellular metabolism. 

A survey of the intensively studied reactions connected with 
the binding of carbon dioxide in blood has been given by Peters 
and VAN SiiYKE (1932), who also provided a comprehensive ac- 
count of the earlier literature from this field. These authors, 
however, considered only the binding of carbon dioxide in the 
form of bicarbonate. The view that carbon dioxide could be boimd 
directly to haemoglobin in blood had already been stated by 
Bohr (1892, 1909). (For earlier literature, see Bohr 1909.) This 
opinion was supported by Bucksiaster (1917), Mellanby and 
Thosias (1920), and Warburg (1922). A strong impulse to the 
further development of this hypothesis was provided by a series 
of paprs by Henriques (1928 a-e). This author showed that 
If carbon dioxide were boimd as bicarbonate, its rapid liberation 
in t e ung capillaries could not occur, unless the reaction 
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HjGOj-^^GO, 4- H5O was catalysed. In the vicinity of the neu- 
tral point, this reaction occurs very slowly, a fact observed by 
Yord.Kxder and Strubk (1913), Thieb {1913 a and b), and Faur- 
HOBT (192-i}. If the reaction i.s not catalysed, carbon dioxide must 
be bound in forms other than bicarbonate. Judging from obser- 
vations on the rate of carbon dioxide liberation from haemoglobin 
solutions in vacuo and studic.s in dialysis equilibria, Henriques 
.supposed the latter alternative to be correct. On the basis of in- 
vest igation.s by SiEGniiKi) (cf. below) and Faurholt (1925), he 
pre.scntcd a hypothesis that carbon dioxide was bound to haemo- 
globin with the formation of carbamate or, according to Sieg- 
rmi-.n and Howw.tANE (1909), j)0.ssibly of carbonic acid esters by 
reactions with aliphatic hydroxy compounds (see the more de- 
tailed di.^cussions by Henriques 1929, 1931). Siegfried (1905) 
1ms .shown that carbon dioxide is bound to amino acids, peptone, 
serum albumin, and horse .serum. He prepared and studied cal- 
cium .«alts of numenms carbamino acid compounds derived from 
amino acids and polypeplide.s (Sikoitiied 1905, 1906; Siegfried 
and KKt'MANN 1908, and Siegfried and Liebeumann 1908), 
Carbamntcfi from aliplmtic primary and secondary amines were 
later prepared by Ficiitek and Becker (1911). 

The tlifferent pkj' value of carbonic acid obtained by electro- 
metric method.s in exjjcrimont.s on serum and haemolysed, re- 
rluccd, and rtxidlzcd blood corpuscles (cf. the preceding section 
of the present chapter) and investigations by osmotic methods 
of the same material induced .several workers to suppose that 
carbon dio.xide was bound in the red ccll.s not only as free bicar- 
Imnat*-, but also in other forms. Experiments on blood performed 
bv these methods were communicated and di.scu.sscd in greater 
detail by Koughto.v (1935), wlio pointed out the difficulties in 
drawing any quantitative conclusions from the results, since our 
knowledge, of the effect of proteins on the activities of different 
ions is very incomplete. 

Support for the view that carhon dioxide is bound in forms other 
than free bicarbonate ions was provided by Margarias (1931 
a nntl b) observatioms. Thi.s author determined the vapour pres- 
■surc in defibririatod blood and haemoglobin solutions at diffe- 
rent carbon dioxide prc.s.?ures and at 18” C. He showed that the 
changes in the vapour pre-ssure in solutions in equilibrium with 
O.-t % and 10 % carbon dioxide in the gaseous phase amounted 
only to GO % of the values to be expected, if it were assumed that 

12~<«()PP5 
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the carbon dioxide taken up in the presence of haemoglobin was 
osmotically active. This discrepancy increased with increasing 
concentration of haemoglobin. Experiments on blood serum, how- 
ever, showed no significative difference between the values found 
and 'those calculated for the vapour pressure. Mabgaria there- 
fore supposed that part of the carbon dioxide was bound directly 
to haemoglobin in an osmotically inactive form. 

Further investigations of the binding of carbon dioxide in 
blood showed that the rapid exchange of carbon dioxide in blood 
was a catalysed reaction. Simultaneously, carbon dioxide was 
found to be bound in the blood corpuscles in the form of carba- 
mate. It became clear from the experiments by van Sltke and 
Hawkins (1930), Brinkman and Margaria (1931), and Brink- 
man, Margaria, Meldrum and Eoughton (1932) that the rapid 
uptake and liberation of carbon dioxide in blood must, at least 
partially, be catalysed. Meldrum and Houghton (1932, 1933 a) 
showed that the catalysis was not caused by the haemoglobin; 
they succeeded in concentrating the enzyme which was named 
carljonic anhydrase (see also Stadee and O’Brien 1933). The 
enzyme, which is a colourless zinc protein, was later isolated 
by Eeilin and Mann (1940) and by Scott and Mendive (1941). 
Among the numerous data concerning the occurrence of this 
enzyme, it should be noted that it was found in red cells, but not 
in serum or in tissue juices. The enzyme could, moreover, be 
detected neither in yeast nor in green plant material (Meldrum 
and Houghton 1933 a). Carbonic anhydrase was, however, found 
in the blood and the tissues of some marine organisms (Brink- 
man 1933, VAN Goor 1940). 

Brinkman and Margaria (1931) found that the catalytic effect 
of haemoglobin (or that of carbonic anhydrase) on the liberation 
of carbon dioxide in bicarbonate solutions was inhibited by 
potassium cyanide. Continued experiments by Meldrum and 
Houghton (1933 b ) showed that in blood corpuscles and haemo- 
globin solutions, despite the inactivation of carbonic anhydrase 
by cyanide, a more rapid uptake of carbon dioxide was obtained 
than in pxire bicarbonate solutions. This phenomenon was con- 
firmed in control experiments with ammonia, amino acids and 
peptides. The rapid uptake of carbon dioxide in the presence of 
cyanide was attributed to the formation of carbamate. In experi- 
ments on pure ox haemoglobin, Ferguson and Houghton (1934 
a and b) showed by chemical determinations that carbon dioxide 
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reacted -wit]! tHs to form a carbamino acid compoimd bebaving 
in the same manner as the carbon dioxide compounds with amino 

acids studied by Faurholt. In experiments at pH 7,0 -7.4 and 

a carbon dioxide pressure of 30—60 mm. Hg at 38° C., these in- 
vestigators found that the amount of carbon dioxide bound as 
carbamate in experiments ivith oxyhaemoglobin amounted to at 
the most 2 %, and with reduced haemoglobin to about 10 % of 
the total amount of bound carbon dioxide. 

The discovery that carbon dioxide in the red cells is not only 
bound as bicarbonate, but also as carbamate, and the discovery 
of the enzyme carbonic anhydrase which catalyses the hydra- 
tion and dehydration of carbon dioxide have contributed essen- 
tially to the understanding of the conditions prevailing during 
the transport of carbon dioxide in blood and the effect of oxygen 
on this transport. Detailed discussions of the reactions involved 
have been published by Houghton (1935) and by Denolin 
(1938). 

Further studies of the formation of carbamate and its reaction 
equilibria were performed by Stauie and O’Brien (1936, 1937) 
who showed that isolated horse serum proteins also formed small 
amounts of carbamate with carbon dioxide. These authors empha- 
sized that a formation of carbamate may probably be obtained 
under suitable conditions with all proteins. The value of the equi- 
librium constants for the carbamate equilibrium in serum protein, 
in the presence of carbon dioxide, was determined from the 
heat of reaction of the carbamate formation. A calculation of the 
concentration of carbamate in serum at 38° C. and pH 7 .4, at a 
carbon dioxide pressure of 40 mm. Hg, yielded 0.5 ^ 0.2 milli- 
moles per litre, an amount which it is difficult to determine 
exactly. 

The above-mentioned investigations by Siegfried and co- 
workers, Faurholt, Houghton and co-workers, and by Stadie 
and O’Brien have provided us with considerable knowledge of 
the properties of carbamate compounds and the conditions ne- 
cessary for their formation. The formation of carbamate from 
carbon dioxide and, for example, a monoamino-monocarboxylic 
acid (COOH'H'NHj) may be written as follows; 

COO--H-NHj-f CO2 — COO--H-NH*COO--fH+. 

Carbon dioxide in the form of CO. (not as HCO3 , CO3 or 
HjCOa) reacts only with the free unionized NH 2 group (this is 
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also tru6 for tliB roaction witli amnioDia and aminos), Tiio xoac- 
tion thus does not take place at the isoelectric point of the ampho- 
lyte, but only on its alkaline side. The carbamate binds one 
equivalent of base for each mole of bound carbon dioxide. Ac- 
cording to Faurholt’s experiments with amines and amino acids, 
the percentage part of carbon dioxide chemically bound in the 
form of carbamate is greatly increased when the pH of the solu- 
tion is changed from about 8 to 10, although it decreases in more 
alkaline solutions owing to the reduced free COz-content. Even 
at the neutral point, small amounts of carbamate may still be 
formed; the formation of carbamate ceases, however, at slightly 
lower pH values. The same observations apply to proteins. Sta- 
DiE and O’Brien (1937) have thus shown that carbon dioxide 
forms, both with oxidized and reduced haemoglobin, small amounts 
of carbamate at pH 7.0, but not at pH 6.7. These authors showed, 
furthermore, that carbamates formed according to the above 
equation are present as salts of dibasic acids at all pH values 
above 7. 

The resulting carbamates form soluble calcium and barium 

NH-COOv 

salts such as | /Caj which, in alkaline solution, may be 

E -coo/ 

employed for the differentiation of carbamates from carbonates. 
The salts are rather stable at 0° C. and pH c. 12 or higher, under 
which conditions their dissociation rate is low, although they 
split off carbon dioxide immediately in acid media. Since the 
heat of formation of carbamate is very high, the reaction is favoured 
by low temperatures. Experiments at 70° C. have shown that the 
bound carbon dioxide is rapidly split- off at this temperature. 

In yeast, the amount of carbon dioxide bound in forms other 
than bicarbonate and the conditions essential for its binding as 
carbamate are quite different from those in blood. In the paper 
of Ferguson and Eoughton (1934: b), carbon dioxide botmd in 
forms other than free bicarbonate ions is denoted as x-bound 
COi. According to the estimations in the preceding section of 
this chapter, approximately half of the carbon dioxide bound in 
different yeasts with a gaseous phase containing 50 % oxygen 
-f- 25 -50 % carbon dioxide consists of x-bound COj. In budding 
yeast, in the presence of 25 % carbon dioxide in the gaseous 
phase, up to about three-quarters of the bound carbon dioxide 
is estimated to be x-bound. In all cases, the pH value in the yeast 
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is about 6.6, apart from starved yeast, in wbicb the value is only 
about 6.2. In view of tbe above considerations regarding tbe 
dependence of carbamate-formation on tbe pH, tbe formation 
of carbamate in yeast at tbe said pH values is in all probability 
zero or extremely small. 


Tbe observation that tbe 


bicarbonate-COo 

quotient ^ ^ 

x-bound CO" 


in yeast 


is about 1 is emdence for tbe view that at least tbe main part of 
tbe x-boimd COj is not carbamate. Experimental data in tbe 
literature concerning tbe formation of carbamate in tbe presence 
of bicarbonate indicate that this quotient is considerably lower 
than unity at different carbon dioxide pressures. At bigber car- 
bon dioxide pressures, tbe quotient decreases to tbe order of 
magnitude of 0.1 and still lower, despite tbe fact that tbe experi- 
ments were performed at a pH wbicb is more favourable to tbe 
formation of carbamate than is tbe pH in yeast. Tbe formation 
of carbamate with, for example, mammalian haemoglobin is 
greatest at very low carbon dioxide pressure, decreasing rapidly 
witb increases in tbis pressure. A comparison of tbe amounts of 
x-bound CO. in yeast and in serum strongly supports tbe view 
that carbon dioxide in yeast is not bound as carbamate. Tbe con- 
centration of tbe x-bound CO. in, for example, baker’s yeast in 
a gaseous phase ivitb 60 % oxygen -f- 50 % carbon dioxide may 
be estimated at 20 millimol, per kg. of cellular water. Although 
x-bound CO 2 is found in yeast at a low pH value, tbe amount of 
x-bound CO. is about 40 times higher than tbe calculated amount 
of carbamate in serum at pH 7.4, 40 mm. carbon dioxide pressure 
and 38° C. (see above). Even compared to tbe amount of carba- 
mate formed in red blood ceils witb reduced haemoglobin, wbicb 
has a high capacity for binding carbon dioxide in tbis manner, 
the amoimt of x-bound CO. in yeast is several times greater (see 
Stadie and O’Brien 1937). 

To judge from tbe above data, it appears, however, not im- 
possible that a minor part of carbon dioxide in yeast may be bound 
as carbamate. Especially at lower carbon dioxide pressures, under 
aerobic conditions, when tbe pH value in yeast is only somewhat 
below 7 and that within certain cell structures is possibly still 
somewhat bigber, the conditions for tbe formation of carbamate 
may be somewhat more favourable than at bigber carbon dioxide 

pressures. 
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Finally, it should be mentioned that haemoglobin at reduced 
oxygen pressure binds an increased amount of carbon dioxide as 
carbamate, Trhiie in yeast the amount of x-bound GOj increases 
vrith increasing concentration of oxygen in the gaseous phase. 
This contrast, however, may be caused by the essential physio- 
logical differences between the two materials and cannot be taken 
as conclusive evidence that no formation of carbamate takes 
place in yeast. 

It results from this discussion that x-bound COj in yeast does 
not consist of carbamate, at least in the greater part. The resid- 
ual quantity, which is bound neither as free bicarbonate ions 
nor as carbamate, is denoted by Ferguson and Eoughton (1934 b) 
as y-bound 00^ (equal to x-bound COj — carbamate-bound CO*). 
This denotation will be adopted here. The occxirrence of such an 
unknown binding of carbon dioxide in blood was deduced by 
Ferguson and Roughton from discrepancies obtained in the 
calculation of pk/ for carbonic acid by means of the Henuerson- 
Hasselbalch equation, despite their taking into consideration 
the analytical values for carbamate (see discussion by Roughton 
1935). 

Further support for the view that carbon dioxide can be y-boimd 
was provided by the investigations of WiLiiMEB (1934) who 
observed that the blood of certain tropical fresh-water fishes 
from Guiana showed a very low pH value (the types investigated 
usually had about pH 6.7). In two species, viz. Pterodoras granu- 
losus (Val.) and Hoplias malabaricus (Bloch), the pH of the 
blood was only about 6.0. From the few determinations per- 
formed, it was clear that in the blood of these fishes considerably 
more carbon dioxide was boxmd than could be accounted for by 
the Henderson-Hasselbalch equation. A formation of carba- 
mate at the pH value in question is very improbable. 

Experiments by Ferguson, Horvath and Pappenheimer 
(1938) concerning the transport of carbon dioxide in dogfish blood 
(Mustelus cams and Sgualus acanthias) indicated that the blood 
of these fishes binds carbon dioxide in forms other than bicarbonate 
or carbamate. The binding of carbon dioxide in dogfish blood 
was independent of whether the haemoglobin was oxidized or 
reduced. The total concentration of bound carbon dioxide per 
unit weight of water in the red cells was higher than in the serum 
in equilibrium with the blood corpuscles; this circumstance stands 
in contrast to the corresponding relationships in mammalian blood. 
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An approximate calculation of the excess of carbon dioxide ia 
the red cells showed that this amount increased ^vith increasing 
carbon dioxide pressure, which fact supported the view that the 
bound carbon dioxide did not occur as carbamate. The authors 
supposed that the increased carbon dioxide binding in the red 
cells was due either to a binding of bicarbonate ions to protein 
or to the nuclei in the blood corpuscles being more alkaline than 
the surrounding cytoplasm (cf. Chambers and Pollack 1927), 
which latter fact might contribute to an increased binding of 
carbon dioxide as bicarbonate. 

Investigations of the state of bound carbon dioxide in mam- 
malian muscle have recently been communicated by Conway 
and Fearok (1944), who suppose that a great part of the carbon 
dioxide in the muscle is not bound as bicarbonate, but in another 
manner. The carbon dioxide was extracted from the muscles with 
alkali hydroxide and the carbon dioxide liberated after acidifi- 
cation of the e.xtract was determined. The values obtained agree 
well with those found by Wallace and Hastings (1942) (see 
also Dayielson and Hastings 1939). By adding barium chloride 
to the alkaline extract and centrifuging off the resulting precipi- 
tate, Conway and Fearon succeeded in showing that about half 
of the acid-labile bound carbon dioxide was not precipitated by 
the barium ions. If, before adding barium chloride, bicarbonate 
was added to the alkaline extract, this latter was precipitated 
completely. On the basis of determinations of the rate at which 
carbon dioxide was given off in mcuo from guinea pig muscle 
preparations, the authors supposed that somewhat less than half 
of the soluble barium salts corresponded to carbamate-bound 
carbon dioxide, the remainder being bound in an unknown form. 

The occurrence of carbamate-bound carbon dioxide, however, 
appears improbable at the low pH value calculated by Conw’ay 
and Fearon for the muscle cell on the basis of Donnan equili- 
bria, viz. pH 6.0. The pH in the muscle cell is presumably con- 
siderably higher, i. c. only slightly below 7 (see Fenn and JIau- 
RER 1935). In their brief paper no account is given of the method 
used. It appears probable, however, that part of the carbamate- 
bound carbon dioxide observed in the muscle might have been 
formed secondarily in the alkaline muscle extract. According to 
Ferguson and Houghton (1934 b), a secondary carbamate for- 
mation is difficult to eliminate wdthout using a special method, 

when a solution containing, for example, protem is made alkaline 
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in tlie presence of carbon dioxide. Conway and Feabon’s ob- 
servations that a y-bound COg fraction might be present in the 
muscle cells are, however, concordant with the observations men- 
tioned above on the blood of certain fishes and with the present 
author’s experiments on yeast. 

The above considerations show that the occurrence of carbon 
dioxide in y-bound form has been established by several investi- 
gators; more detailed data concerning the nature of this binding 
are, however, completely lacking. Carbon dioxide or bicarbonate 
ions may perhaps enter into reversible combination with protein 
to form an undissociated or slightly dissociated compound, in 
accordance with the theory presented from several quarters that 
cations, under physiological conditions, can also reversibly com- 
bine with proteins through a more or less dissociated linkage. 
Convincing experimental support for this theory has not yet been 
provided. If carbon dioxide were bound to protein, the difference 
observed between the capacities of yeast for binding carbon di- 
oxide under aerobic and anaerobic conditions should represent 
certain changes in the state of the yeast proteins, which should 
accordingly be different under aerobic and anaerobic conditions. 

According to Siegfried and Howw'janz (1909), carbon dioxide 
in a moderately strong alkaline medium may combine with aliphatic 
polyhydroxy compounds with the formation of carbonic acid 
esters. Bauer and Namek (1940), who investigated the formation 
of esters from aliphatic alcohols and carbon dioxide, have shown 
that this reaction is very slow, although it occurs both in neutral 
and in weakly acid solutions. It seerns by no means excluded that 
in yeast, which contains considerable amounts of carbohydrates 
and derivatives thereof, a rapid formation of carbonic acid es- 
ters may occur under physiological conditions with the aid of 
some enzyme. Undoubtedly, certain striking analogies here pre- 
sent themselves with the formation of phosphoric acid esters. 
This latter is favoured by aerobic oxido-reduction processes, 
as is the binding of carbon dioxide in the y-bound form. 

Finally, it should be mentioned that carbon dioxide can be 
fixed enzyroically to pyruvic acid with the formation of oxalo- 
acetic acid or its derivatives, a reaction which may be supposed to 
occur also in yeast (Chapter I). As oxaloacetic acid in strongly 
add solution gives off the bound carbon dioxide, it appears pos- 
sible that a certain amount of the acid-labile bound carbon dioxide 
in jeast originates from oxaloacetic acid or from a compound in 
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Avliicli carbon dioxide is bound in a similar manner. In order to 
permit a decision wlietber sucb a form of binding may occur to 
a considerable extent in yeast, more detailed data are necessary 
concerning tbe equilibria in carboxjdation reactions and tbe reac- 
tions of tbe products formed under different physiological condi- 
tions. It should be mentioned that Kbeinzeller (1941), in experi- 
ments on yeast, has found that approximately equal amounts of 
succinic acid are formed under both aerobic and anaerobic condi- 
tions. If we assume that succinic acid is formed by way of oxalo- 
acetic acid, these observations indicate that carboxylation reac- 
tions in yeast are independent of the oxygen pressure. If y-bound 
CO. in yeast originates from oxaloacetic acid, the amounts of such 
carbon dioxide would be expected to be equal imder aerobic and 
anaerobic conditions. The amoimt of y-bound CO 2 in yeast is, 
however, highly dependent on the concentration of oxygen in the 
gaseous phase, which fact discounts the view that it originates 
from oxaloacetic acid. 



General Summary. 


The experimental results of this investigation have been sum- 
marized at the ends of Chapters II — Y (pp. 73, 89, 136 and IGI). 
The reader is therefore referred to the separate summaries for more 
detailed information. 

The object of the present work was to study the effect of car- 
bon dioxide upon the metabolism of yeast and the changes bere 
brought about in certain of the components of the plasma, in the 
power of the cells to bind carbon dioxide in the acid-labile form, 
and in the acidity of the cells. Only a few preliminary investiga- 
tions in this sphere have previously been carried out on yeast. 
The action of carbon dioxide on the living cell is therefore only 
kno'wn from diverse researches performed on other biological ma- 
terials. A summary of these is given in Chapter I. 

Baker’s yeast was employed as the experimental material. 
By its pretreatment by starvation, by feeding with glucose in the 
presence and absence of ammonium chloride, and by drying, dif- 
ferent yeasts were obtained which showed metabolisms differing 
characteristically in intensity and quality from that of the un- 
treated yeast. A few experiments were carried out on mother 
yeasts, originating in the industrial production of baker’s yeast. 
The yeasts were generally suspended in succinic acid — sodium 
succinate buffer of pH 5.1. All experiments were performed at 
25° C. 

The effect of pretreatment on baker’s yeast was investigated 
by studying the cytology, endogenous respiration and fermen- 
tation of the different materials. Determinations were also made 
of the turnovers of carbohydrates and nitrogen and phosphorus 
compounds in yeasts during pretreatment together with the 
changes in the dry weights of the products. A review of the modes 
of preparation of the yeasts and a description of their properties 
are given in Chapter II, pp. 47 and 73, 

An investigation was made of the manner in which the charac- 
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ter of the metabolisDi affects the capacity of the yeasts of hindhis 
carbon dioxide and the acidity of the cells. Experiments were made 
with different concentrations of carbon dioxide in the gaseous 
phase under aerobic and anaerobic conditions. 

Chapter III deals Avith a study in the effect of the presence 
of 15—50 % carbon dioxide in the gaseous phase on the growth, 
metabolism and cell components of the yeasts. These experi- 
ments were chiefly performed on baker’s yeast. 

Experiments under aerobic conditions showed that carbon di- 
oxide has a distinctly inhibitory effect upon the gro'svth of yeast 
(Table 7), but activates the endogenous respiration (Table 8) 
and the uptake of glucose (Figs. 17 and 18) and pyruvic acid 
(Table 11). The cell content of free phosphate diminishes when 
carbon dioxide is present in the gaseous phase, but this diminu- 
tion is not brought about by a release of phosphate ions into the 
suspension medium (Tables 9 and 10). The very low ammonium 
ion concentration of the protoplasm is unaffected by carbon di- 
oxide. 

Under anaerobic conditions, however, carbon dioxide has no 
influence on the cell metabolism, for the velocities of uptake and 
fermentation of glucose are found to remain xmchanged, irrespec- 
tive of whether carbon dioxide is present (Fig. 19). The free phos- 
phate content of the cells also remains unchanged during treat- 
ment with carbon dioxide under anaerobic conditions (with the 
exception of yeast which has begun to grow during pretreatment; 
see Table 10). 

Chapter IV includes an account of estimations of the amounts 
of acid-labile bound carbon dioxide in different yeasts in equili- 
brium with gaseous phases containing different proportions of 
oxygen, nitrogen and carbon dioxide. A modification of the War- 
burg procedure was worked out for these estimations. The yeast 
was fixed for this purpose with p-toluenesulphonic acid. Deter- 
minations of the absorption coefficients of carbon dioxide (a) 
in the sulphonic acid and the suspension medium showed that 
a was greater in these liquids individually than in the mixture 
of them obtained in the fixation (Table 14). The amount of dis- 
solved carbon dioxide consequently liberated in the presence of 
carbon dioxide in the gaseous phase was determined with regard 
to the effect on a of the fixed yeast content. 

Determinations of the amounts of acid-labile bound carbon 
dio.xide in different yeasts showed that changes in the yeast 
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metabolism modified in cbaracteristic maimers the dependence 
of the binding of carbon dioxide on the composition of the gaseous 

phase. 

Experiments ■with a constant oxygen concentration in the gaseous 
phase slwwed, for all yeasts investigated, that the amount of 
bound carbon dioxide increased with the carbon dioxide content 
in the gaseous phase. The concentration range studied was 0—50 
% carbon dioxide (Eig. 32 a). 

Experiments "with a constant carbon dioxide concentration in 
the gaseous phase indicated that, in all the yeasts, the amount 
of carbon dioxide bound increased, to a certain limiting value, 
■with the oxygen concentration in the gaseous phase. In certain 
yeasts an optimum binding of carbon dioxide was found at a cer- 
tain oxygen concentration (Eig. 32 b). 

Experiments with baker’s yeast showed that the aerobic bind- 
ing of carbon dioxide was reversible and attained its maximum 
at pH 5.0— 5.5 in the suspension medium. It was not affected 
by irradiation. Potassium and calcium ions, in the presence of 
oxygen, had increasing and decreasing effects respectively on the 
amounts of carbon dioxide bound. 

The greatly increased capacity of yeast, in the presence of 
oxygen, of binding carbon dioxide led to the assumption that this 
capacity was associated with properties of the protoplasm con- 
ditioned by the occurrence of a respiration and partly by the in- 
tensity thereof. Support for this hypothesis was pro^vided by the 
results of experiments with baker’s yeast in which the respiratory 
enzymes were damaged or blocked by starvation, drying, or treat- 
ment with respiration-inhibiting cell-poisons (NaNg, NaF, KCN 
or cysteine). In all cases where its respiration was inhibited, the 
yeast could bind, ■under aerobic conditions, only a fraction of the 
quantity of carbon dioxide bound by untreated baker’s yeast. 
This fraction was affected only slightly by the oxygen concen- 
tration in the gaseous phase. On the other hand, in yeast where 
the respiration had been activated by low concentrations of cell- 
poisons, an increased power of binding carbon dioxide was ob- 
served (Table 25). 

In order to investigate whether the difference between the 
capacities of the yeast of binding carbon dioxide under aerobic 
and anaerobic conditions was due to a difference in the pH in the 
cell, the pH was measured in different yeasts treated in gaseous 
phases of different compositions (Chapter V). In the procedure 
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workftd out for measuring the pH in the yeast, the suspensions 
were fixed hy very rapid heating to 100° C. The pH was measured 
in the fixed suspensions and centrifuged extracts in equilibrium 
with air and a gaseous phase with the carbon dioxide concentra- 
tion prevailing during the pretreatment. The values were corrected 
for the effect on the pH of a dilution of the cell content (Fi^ 39 
and Table 27). ^ 

The determinations showed that the pH in all yeasts, in atmo- 
spheres free from or containing carbon dioxide, was lower than 
under the corresponding aerobic conditions. 

Treatment of baker’s yeast with a gaseous phase containing 
carbon dioxide imder anaerobic conditions brings about no ap- 
preciable variation in the pH of the COa-free heat-fixed suspen- 
sions. The reduction in pH caused by the presence of carbon di- 
oxide in the cells (Fig. 40) is thus not counteracted by reactions 
in the protoplasm under the influence of carbon dioxide. 

Under aerobic conditions, however, after pretreatment of the 
yeast in the presence of carbon dioxide, a higher pH is found 
in fixed suspensions in equilibrium with air than is measured in 
suspensions pretreated in the absence of carbon dioxide. The re- 
duction in pH occurring in a cell in the presence of carbon dioxide 
is thus counteracted under aerobic conditions by reactions in- 
volving a displacement of the pH towards the alkaline side (Fig, 
41). Further data regarding the pH values of yeasts treated in 
various ways are given in Table 28 (see also summary to Chapter 
Y, p. 164). 

A calculation was performed of the differences between the 
pH values in yeasts under aerobic and anaerobic conditions for 
constant carbon dioxide concentration in the gaseous phase. The 
pH differences calculated on the basis of the quantities of carbon 
dioxide found analytically were considerably greater than those 
found experimentally (Table 29), The apparent value of the ab- 
sorption coefficient of carbon dioxide (a°) for the cell content was 
found from the experimental data for the pH and the amount of 
carbon dioxide bound (Table 29). For yeast under anaerobic con- 
ditions a relatively low value of a was obtained. Under aerobic 
conditions, however, a higher value was always foimd, amounting 
in certain cases to 2—3 times the value for anaerobically treated 
yeast. A discussion of these calculations has led to the conclusion 
that the carbon dioxide bound in an acid-labile form in yeast 
under anaerobic conditions most probably occurs only as bicar- 
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bonate, 5vbile -ander aerobic conditions carbon dioxide is largely 
bound in another manner. 

The observation that carbon dioxide influences the metabolism 
of yeast only under aerobic conditions, and that it is bound in 
a form other than bicarbonate only under these conditions, gives 
cause to focus attention upon this mode of binding, vrhich is 
possibly associated vith the metabolic effect of carbon dioxide. 
The nature of the binding is not known, although several possi- 
bilities are discussed. It is concluded that only a small part of 
the carbon dioxide can be bound as carbamate. 
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INTRODUCTION 


The tlicinc of this work is an analysis of the action potential 
and the functional significance of the gi’oup of small nerve 
fibres in the spinal ventral roots which innervate skeletal 
muscle. 

It has long been known that the ventral roots of man and 
several other species in addition to the large motor fibres also 
contain numerous small fibres contributing to the sjnnpathetic 
system (Gaskell 1886, L.-vIvGley 1922, and others). In 1930 
Eccles and Sherrington, however, showed that small fibres 
of the motor roots also pass down to the muscles. They studied 
the two last lumbar and the first sacral motor roots in the cat 
and found the myelinated fibres of tliese roots to be distribut- 
ed in two distinct groups with numerical maximums at a dia- 
meter of approximately 15 ti and 6 /< respectively and separat- 
ed by a minimum at about 8 //. A similar distribution of the 
efferent fibres was found in previously deafferented nerves to 
the muscles of the leg (see Fig. 1). 

Sympathetic myelinated fibres in these nerves were few or 
totally lacking. Owing to the ramification of the fibres the 
average diameter of the efferent fibres was found to decrease 
towards the periphery, especially in the vicinit}'^ of the muscles, 
and in .sections close to the muscle there was a partial filling out 
of the gap between the two fibre groups. Thus a number of the 
small fibres at distal levels were found to arise from large 
motor root fibres but Eccles and Sherrington concluded 
that the small fiiires »for the most part emerged as such from 
the spinal motor root and are in fact small fibres of that root 
destined for the skeletal mu.scles». 

Eately the small efferent fibres have been studied by especi- 
ally Haggq^tst and his collaborators. In a series of papers the 
occurrence of such fibres in spinal motor roots and in different 
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Gasser and Erlanger as well as Bishop with their colla- 
borators have created the now' w'ell-known system of correla- 
tion betw'een the component wmves of the conducted action 
potential and the size of the fibres in the nerve responsible for 
them. Their w’ork has mainly been devoted to somatic sensory 
nerves, large motor fibres and autonomic fibres. (Erlanger 
and Gasser, 1924, Erlanger, Bishop and Gasser, 1926, 
Gasser and Erlanger, 1927, Erlanger, 1927, Gasser, 
1928, Bishop and Heinbecker, 1930, Erlanger and Gas- 
ser, 1930, Heinbecker, O’Leary and Bishop, 1933, Gas- 
ser, 1935, Erlanger, 1937, Hursh, 1939, Gasser and 
Grundfest, 1939). 

As to the large myelinated fibres, the A fibres, of mixed 
nerves, their component potential elevations, the alpha, beta, 
gamma and delta waves, have been identified in the posterior 
roots or in cutaneous sensory nerves and have been assigned 
to corresponding fibre groups. In the spinal motor roots, how'- 
ever, only an alpha potential has been observed. (Erlanger, 
Bishop and Gasser, 192G, Erlanger and Gasser, 1930, 
O’Leary, Heinbecker and Bishop 1934, Erlanger 1937). 
The distribution of the different potential waves, hitherto 
observed in mi.xed nerve and in spinal roots, and their relative 
conduction rates are illustrated in the diagram of Fig. 2, 
reproduced from Erlanger (1937). 

Of chief interest in this connection is the paper by O’Leary, 
Heinbecker and Bishop (1934). On the basis of the work 
of Eccles and Sherrington they devoted a special study 
to the small efferent fibres and their functional significance. 
They confirmed the observations of Eccles and Sherring- 
ton concerning the distribution of efferent fibres of different 
size to the medial head of the gastrocnemius muscle in the 
cat. The action potential in excised lumbar and sacral ventral 
roots was found to > show’ a typical A elevation wuth a maximum 
amplitude elicited by a stimulus approximately 3 times that 
of the most irritable fibres. A low tail is added to the main 
elevation by increasing the stimulus strength 4 to 6 times the 
threshold value». Conduction velocity in the fastest fibres 
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Fig. 2. Diagram of the distribution of the different potential waves 
in mixed nerve and spinal roots and their conduction velocity on 
the basis of a conduction rate of 100 in the largest a-fibre. From 
Erlanger, in Gasser and ERLANGER,Flectricaf Signs oj nervous 
activity. Univ. Penn. Press, Philadelphia, lOST. 


was 110 — 80 m. p. s., the corresponding value for the fibres res- 
ponsible for the tail of the potential could not be accurately 
measured but was estimated to be 15 — 20 m. p. s. In several 
roots a C potential was observed, in some preparations also a 
small B potential with a conduction velocity of 8 — 12 m, p. s. 
and a threshold 15 — 20 times higher than that for the fastest 
fibres. The action potential in both the normal and in the de- 
afferented nerve to the gastrocnemius showed a similar A po- 
tential with a low’ tail. The widening of the A potential at its 
base was held to be due to fibres »of the middle size ranges, 
ho elevation that could have been ascribed to the group of 
small fibres was seen. 

As to the functional significance of the small fibres differ- 
ent view^s are held. In the work mentioned above Eccles and 
HERRiXGTON assumed them to have the same motor func- 
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tion as the large fibres but held them to innervate smaller mo- 
tor units. 

O’Leary, Heinbecker and Bishop could not find a de- 
finite contractile effect ascribable to the small fibres. Maximal 
tension in the gastrocnemius muscle developed upon tetanic 
stimulation vith a stimulus strength estimated to activate 
the large fibres alone. It could not be determined whether or 
not the small fibres elicited such a weak contraction that it 
was concealed by the effect of the large fibres. According to 
their view the small fibres may be concerned in the innerv- 
ation of the intrafusal fibres of the muscle spindles. They were 
not able to demonstrate this directly, but support was found in 
DOGlEl/s (190G) statement that muscle spindles are lacking 
in the eye muscles, supplemented by their own inference that 
the small efferent fibres also were absent in the oculomotor 
nerve. However, this argument is contradicted by Bjorkman 
and WoHLFART (1936) who found the same fibre distribution 
in the abducens nerve of sheep and cattle as in man, cat and 
dog although muscle spindles are present in the former and 
absent in the latter species. 

That the small fibres may innervate the muscle spindles 
is strongly suggested, however, by some findings by 
MATTIrE^YS (1933) in his fundamental study of the tension 
receptors in muscles of the cat. Working on single fibre pre- 
parations he isolated different types of nerve endings in the 
muscle. One of these types, the so called A 2 endings, exhibited 
a marked difference of beha\dour during aetive isometric con- 
traction of the muscle, depending on the strength of stimulus 
used. In most cases these endings began to discharge when 
the stimulus was supramaximal, and this fact makes it prob- 
able that they are innervated by smaller fibres than those 
responsible for the contraction of the muscle. According to 
MoR-SON and Phillips (1937), however, the observation of 
Matthews might possibly be due to an artificial rise of thre- 
shold of the axons to the intrafusal muscle fibres on account 
of ischemia and temperature changes of the nerve-prepara- 
tion. 
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Haggqvist has recently (1938, 1939, 1940) advocated the 
view that the small fibres constitute a separate motor system in 
the service of muscular 3>tonusj-. In histological studies on the 
innervation of the muscle fibres he came to the conclusion that 
the motor end organs of the type »terminaisons en grappes 
were innervated by small fibres which in some cases could be 
traced backwards to the thin fibres in the muscle nerve. Fibre 
analysis of the nerves to muscles with s.tomc:!> function, e. g. the 
musciilus sphincter ani ext, also showed a single group of small 
fibres. 

In experiments with transitory ischemia of the spinal cord 
by temporary occlusion of the aorta in rabbits, Haggqvist 
(1938, 1939) produced a spastic state in the hindlegs of the 
animals. Fibre analysis of the ventral roots in these animals 
then showed a selective degeneration of the large fibres whereas 
the small fibres were practically intact. As in these experiments 
onlj’’ very few fibres belonging to the group of large fibres were 
left, he concluded that the small fibres were responsible for the 
spasticity of the muscles. Hypertonic states have also been pro- 
duced by VAN Hareeveld and Marmont (1939) with the aid 
of spinal cord ischemia caused by increasing intradural pres- 
sure, a method already used by Cushing 1902. 

The first aim of the present work was to identify and analyse 
the action potential wave corresponding to the small fibres 
and to study some of the electrophysiological properties of 
these fibres. This part of the work is described in the first 
section of the paper. In section II further experiments are 
found dealing with the effect of the small fibres on the 
muscular contraction and on the afferent discharge from the 
muscle. 
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METHODS 


1. Experimental material. 

Cats have been used in the experiments. Generally they 
were anaesthetized with Dial »Cibaj> 0.5 ml. per kg. intraperit- 
oneally. Sometimes an intravenous injection of 1 % chloralose, 
5 ml. per kg., was given instead. In other experiments de- 
cerebrated animals were used. The experiment then was begun 
some 2 — 3 hours after the decerebration, performed in ether 
narcosis in the usual manner. 

In a limited number of experiments frogs were used. This 
preparation consisted of the sciatic nerve excised together with 
the 9tli or lOlh motor root. The preparation was placed in a 
moist chamber of ple.xiglass and investigated at room tem- 
perature (18 — 20° C). 

The experiments on cats were carried out with nerves in 
situ, always the sciatic or one of its branches together vith 
one of its ventral roots, L 6, L 7 or S 1 . After lumbar laminec- 
tomy the roots were ligated and cut centrallj'^ and placed along- 
side the cord until taken up to be placed on electrodes. In 
preparing the ner\"e, care was taken to avoid interfering with 
the circulation. When it was desired to study the effect in 
the muscle the gastrocnemius was used. This too was dissect- 
ed free wdth special attention devoted to preserving its cir- 
culation intact. The other muscles of the thigh and the calf 
were denervated. An aluminium wire attached to the 
xichilles tendon, connected the muscle with the myograph, 
the leg itself having been fixed, with drills through the lower 
ends of femur and tibia. Further details are given in connec- 
tion with the experiments to be described. 

The animal was mounted in a screened box with the aid 
of clamps fixed to the spinous processes. The box was electric- 
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Fig. 3. Circuit diagram of amplifier. 


ally heated to 35—37° C, and a moist atmosphere for the 
nerve was secured by a heated water bath. These precautions 
kept the rectal temperature of the animal at about 37 — 38° C, 


2. Amplifiers, electrodes. 

Two resistance-capacity coupled amplifiers were employed. 
The one, chiefly used for the recording of the action potentials, 
contained three pentode stages, push-pull coupled throughout. 
The two last stages belonged to a Philips cathode ray, oscillo- 
graph type G. M. 3156. This oscillograph has an asymmetrical 
input which for these experiments was adapted to a symme- 
trical initial stage with Philips C F 50 pentodes, heated from 
the mains. The circuit diagram of the amplifier is found in 
Fig. 3. The time constant is 0.17 sec. and the frequency curve 
is shown in Fig. 4 a. A calibration record at maximal amplifica- 
tion is found in Fig. 4 6. 

The second amplifier was a similar 3-stage push-pull coupled 
unit combined with a power stage for a loudspeaker. 

The recording and stimulating electrodes have been silver- 
silver-chloride wires ending in a cotton wick with an interelec- 
trode distance of about 1 cm. 
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Fig. 4?}. 


Fig. 4 a. Frequency cun’e of the amplifier. 

Fig. 4 6. Calibration of the amplifier at maximal amplification. 
Input 30 mV. Time 1/50 sec. 


3. Recording devices. 

Two cathode ray tubes have been used, the one a Philips 
type DB 9 with a single ray, the other one an AEG ijpe HH 
2 with double rays. Either amplifier could be connected to any 
of the three available beams. The third beam was projected 
onto tiie film by means of a mirror. 

The sweeps of the two oscillograph aggregates were 
.started by means of a contact which also, after a delay of a 
couple of milliseconds elicited the stimulus. The contact was 
closed by means of an automatically working relay, starting 
the sweep at a slow frequency of about 0.5 — 2 per sec. In some 
cases the sweep was tripped directly by the stimulus. The 
beams of the cathode ray oscillograph were swept horizontally 
across the film which was run at a very slow speed, at about 
IJ) cm. per sec., so that the individual beats of the sweep 
appeared well separated. The time, marking the film speed, 
was 0.2 sec. 

As time marker for the sweep served a Philips frequency 
generator, type G. M. 2307 which also was used for the record- 
ing of the muscle contraction by a method of modulation to 
be described below. The time is always in milliseconds, unless 
otherwise mentioned. 
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Fig. 5. Circuit diagram of the stimulator. 

Fig. 6. Form of stimulus shock. Time 0,1 msec. 



Fig. 6. 


4. Stimulator. 

Thyratron controlled condenser shocks served as stimuli. 
They were discharged over a transformer. In Fig. 5 is found 
the circuit diagram of the stimulator. In order to obtain 
two successive shocks at variable time intervals two thyratron 
tubes with a common cathode resistance were used The first 
shock was started by the contact K. It was followed by the se- 
cond shock at an interval which could be regulated by altering 
the grid potiental by means of the potentiometer I. For single 
shocks only the first tube was used. When iterative stimuli were 
esired, as e. g. for tetanus, the grid potential of the tube was 
regulated m such a manner that it worked automatically at a 
frequency controlled by the anode resistance F. The form of 
the stimulus shock is shown in Fig. 6. 


5. Devices for blocking nerve conduction. 
noJr the effect of large and smaU 

rarrent The n by direct 

smaTn prodded by means of a 

that arelT “ '’’““ber. It was found, however, 

<i ■ y selective block could be achieved by a simple 
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Fig. 7. Clamp for nerve compression. Y,. 




spring clamp, padded with soft rubber cushions and tightened 
with a screw (Fig. 7). In some experiments pressure was applied 
by the simple expedient of compressing the nerve for some 15— 
20 minutes between the thumb and the forefinger. 

For the polarization block electrodes of the silver-silverchlo- 
ride type were used and the current taken from a battery 
over a potentiometer. Resistances in series with the nerve and 
a large shunting condenser facilitated an even increase of the 
current when the sliding resistance of the potentiometer was 
shifted. 


6. Myograph. 

For the recording of the muscle contraction by one of the 
cathode rays a myograph, utilizing changes of mutual induct- 
ance between two movable coils, w’as designed by the physicist 
of this laboratory, Mr K. T. Helme. 

To the lever of a torsion-wire myograph was attached a 
small coil mounted perpendicularly to another fixed coil. 
The one coil was fed with sinus waves at a frequency of 
8 000 — 10 000 c.p. s. from the Philips frequency generator, the 
other was coupled to the input of a simple 3-stage R. C.- 
amplifier. The mutual inductance alters Avith every angular 
change of the two coils relative to one another so that, when 
the muscle pulls on the myograph, and in consequence thereof 
the angle between the coils alters, the amplitude of the in- 
duced sinus current increases. This change is recorded by the 
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amplifier. In its last stage one phase of the sinus current is 
suppressed by suitable adjustment of the grid potential and 
the other phase is ultimately recorded by the cathode ray as an 
area, the upper contour of which reproduces myograph tension 
(see e. g. Figs. 24; and 32) . 

By altering the position of the coils relative to one another 
or by adjusting the volume control it is easy to regulate the 
sensitivity of the instrument from a maximum deflection of 
2 mm. per 10 gm. downwards. By varying the grid potential 
of the last valve by means of a potentiometer it is possible to 
make the myograph deflection practically linear with respect 
to myograph tension or, altei-natively, to record the top or the 
bottom of the isometric curve with a proportionately greater 
sensitivity. The myograph was calibrated by loading it with 
weights or, during the actual experiment, by testing with a 
spring balance. 
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RESULTS 


I 

Tlie action potential of the small fibres 
of the ventral roots 

1. Form of the motor response volley. 

In tlieir experiments on the action potentials of motor fibres 
Ehlangek, Bishop and Gasser, already in 1926, used the 
mammalian sciatic nerve with one of its roots. This prepara- 
tion has also been used here, partly because it is possible to 
obtain a relatively long conduction distance and partly be- 
cause the fibre distribution in the muscle nerves as well as in 
the spinal roots is known from the work of Eccles and 
Sherrington (1930). 

In some preliminary experiments the frog nerve was studied. 
The stimulus was applied at the distal end of the sciatic nerve 
and the action potential was recorded from the 9th or 10th 
ventral root. If the conduction distance is long enough the 
well-known alpha Avave is succeeded by a separate little action 
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Fig. 8. Action potential of 9th ventral root of frog in response to 
stimulation of the sciatic nerve. 
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Fig. 9. Action potential in the ventral root L 7 of cat in response 
to stimulation of the sciatic nerve. In the uppermost record rela- 
tively low amplification; in the following records the amplification 
has been successively increased up to maximum. 


potential wave. This has a longer latency and a higher thre- 
shold than the alpha wave. In Fig. 8 is illustrated the result 
of one of these early experiments on the frog sciatic. The tech- 
nique had not yet been developed to the stage used in the 
main series. However, the wavelet is clearly fusible. At the 
amplification used, a large fraction of the alpha wave falls 
outside the screen of the cathode ray. 

A similar wave was seen in cats and in the main work these 
animals were used alone because they were more suitable for 
the experiments on the muscle. The sciatic stem or one of its 
branches together with the motor roots L 6, L 7 or S 1 were 
studied m situ. Granted a sufficient conduction distance, there 
is a separate second wave also in these records of which Fig. 9 
provides a sample. The form and size of this small elevation 
varies a great deal from case to case. In some experiments it 
has been difficult to find, or has even been totally lacking. In 
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I 10. Action potential in the ventrnJ root S 1 in response to sti- 
mnlalion of tlic nerve to gaslroc. mod. The amplification in the 
upper record 0 times greater than in tlie lower record. 


most o.vperiments, however, it could be clearly observed. Fig. 9 
refers to stimulation at the distal end of the sciatic with leads 
on L7. In tlie uppermost record amplification is moderate 
and, consequently, tlie small wave merely a hump on the 
baseline. In the two following records amplification has been 
increased in order to define the small wave more clearly. The 
alpha wave falls largely outside the screen of the cathode ray. 
Its amplitude i.s appro.xiinalely 15 times that of the small 
wave. Another cxqoeriment is .shown in Fig. 10. In this case 
the nerve to the medial liead of gastrocnemius was stimulated, 
and records were taken from tlie first sacral ventral root. In 
the lower record the alpha potential was photographed at low 
amplification; in the uppermost record the amplification was 9 
limes greater and consequently the second wave stands out 
clearljx In Fig. II a reconstruction has been made, showing tbe 
whole wave of action. Its alpha component has been computed 
from records at low amplification. 

If the discharge is sent in the opposite direction it is possible 
to obtain a similar picture. In general, however, the second 
wave does not stand out well in records from peripheral nerve. 
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Probably the fibres concerned are shunted by the large number 
of sensory fibres. Other factors, too, may have contributed to 
the occlusion of this wave. In Fig. 12 the 1st sacral root has 
been stimulated and the leads have been on the medial nerve 
to gastrocnemius. In this particular case the small wave is 
clearly visible. 
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Fig. 12. Action potential in the nerve to gastroc. med. in response 
to .slimnlation of the ventral root Si. 


It seemed reasonable lo ascribe the second small wave of 
action lo a separate group of small high-threshold fibres. 
Nevcrtheles.s sources of error are not excluded and should be 
given due consideration. One alternative would be iteration 
of activity in the large fibres, another that a similar picture 
might be due to subdivision of the fibres. 

It is possible to show, however, that the small wave cannot 
be due to iterative activity in the large fibres. If the conduc- 
tion distance is long the large and the small wave are well 
separated from each other but when the distal stimulating 
electrode is shifted upwards along the nerve the small wave 
approaches the large wave and finally is completely submerged 
in the latter. In Fig. 13 n and b the leads have been on L 7 
and the stimulating electrodes on the proximal part on the 
sciatic at distances of approximately 10 and 7 cm. from the 
leads. At these relatively short distances the small wave is 
merely a hump at the base of the alpha wave. 

Further arguments against identification of the small wave 
with an iterated alpha potential have been obtained from the 
e.xperiments on selective blocking of the motor fibres. It is 
possible lo block the large potential wave almost completely 
without interfering to anj^ considerable degree with the small 
wave. Again, when iterative activity in the motor fibres is 
observed it is generally, though not always, of a very 
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Fig. 13. Action potential of the ventral root L7 in response to 
stimulation of the sciatic nerve, c. Conduction distance 10 cm. 
b. Conduction distance 7 cm. Amplification in the upper records 
3 times greater than in the lower set of records. 

characteristic pattern, illustrated in Fig. 14. In this record 
there are several successively diminishing wavelets. The animal 
had been narcotized with chloraiose, a drug tending to favour 
iterative activity. The leads were on the ventral root S 1, the 
stimulating electrodes on the popliteal branch of the sciatic. 
In Fig. 14 a there is also, between the alpha wave and the 
first iterated response, a couple of wavelets which under certain 
circumstances may complicate evaluation of the small wave 
studied in this paper. These wavelets are centripetal discharges 
in the motor fibres originating at the muscle nerve endings 
(Lloyd 1942). This »back-response» from the muscle, which 
is further dealt with in the next section of the paper, disappears 
when the nerve is severed above the muscle (Fig. 14 b) and so 
can hardly be mistaken for the small wave found above. 

The small wave cannot either be due to subdivision of the 
larger fibres. Its high threshold does not fit in with this explan- 
ation of its origin. The threshold is considerably higher than 
that of the alpha wave and, by increasing stimulus strength 
gradually in the upper ranges, it is also possible to augment 
the small wave gradually. If this wave was due to branching 
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Fig. 14. Repetitive activity in the ventral root S 1 in response to 
.stimulation of the popliteal nerve. 

a. Stimulation of undivided nerve. 

b. After section of the nerve peripherally to the stimulated region. 
Note! Different sweep velocities. 


of the larger fibres the two waves should appear together at 
appro.viinately the same strength of stimulus. In none of 
these cA'periments with centripetal conduction of the action 
potential could anj’ signs of branching be observed. \^Tien 
leading off in the periphery, however, as e.g. from the medial 
gastrocnemius nerve, a long drawn-out tail of the alpha 
potential is often seen (Cf. Fig. 23). It has approximately the 
sajiie thre.shold as the alpha fibres and is probably due to 
branching of fibres. As Eccles and Sherrington have 
shown, the large fibres divide distally and the gaj) between the 
two fibre groups is then partly filled out. This low-threshold 
tail of the alpha wave can hardly be mistaken for the second 
small wave. It is possible, however, that some branching of 
the fibre.s contributes to the difficulties encountered in record- 
ing the small wave from the peripheral end of the nerve. 

In order to prove the separate origin of the small wave it 
was finally decided to try the following crucial e.xperiments, 
modelled on those of Erlanger and Gasser, and by means 
of which they demonstrated the individuality of the different 
potential elevations in mixed nerve. (Erlanger and Gasser, 
1924, 1930.) 

In the e.xperiment of Fig. 15 double stimuli, first, condition- 
ing, and second, test stimulus, have been applied to the tibial 
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Fig. 15. Records showing that the fibres conducting the alpha 
wave can be made refractory without affecting the small wave. 
The first stimulus maximal for alpha, the second maximal for the 
small wave. In record a relatively low amplification. In the fol- 
lowing records higher amplification and successively shortened 
stimulus intervals. See text. 


nerve and the leads have been on the motor S 1 . The first 
stimulus is maximal for alpha but below the threshold for the 
small wave, the second stimulus is strong enough also to elicit 
the small wave for which it is just supramaximal. The interval 
between the stimuli shortens successively so that the second 
alpha wave gradually falls wdthin the refractory period of the 
first. Then its amplitude diminishes (Fig. 15 c — f) and fin ally 
this second alpha wave altogether disappears. The small wave, 
however, is still intact, showing that it is conducted in a differ- 
ent set of fibres, not engaged by the alpha response. 

In tlie experiment of Fig, 16 the first stimulus is supra- 
maximal for the small w^ave, the second, however, only max- 
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Fig. Ifi. Records clcmonslraling lhal an alpha wave can be made 
lo pass the small wave during conduction without influencing the 
form of the latter. In a low amplification. In the following re- 
cords greater amplification and stimulus intervals successively 
diminished. Sec te.vt. 


imnl for the initial alpha wave but sublhreshold for the small 
wave. The tiljial nerve was stimulated and the leads were on 
the motor S 1 . The small wave in this case is not very well 
set off from the alpha wave but nevertheless distinguishable. 
Again stimulus inter\ml is shortened. The second alpha wave 
is then seen to approach the first and to pass the small wave 
(Fig. IG c — c). Ultimately it falls into the refractory period 
of the first alpha wave and disappears. It is thus seen that 
the second alpha wave reaches the leading-off electrodes at 
the same time as, or somewhat before, the small wave though 
the latter started later. The second alpha wave has thus, in 
being conducted upwards, on account of its higher conduction 
rate, passed the small wave. The small wave, however, is unin- 
fluenced by these events. 
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From these two experiments it may be definitely concluded 
that the small wave is conducted in fibres which do not con- 
duct the large alpha wave. It must thus be due to a separate 
group of fibres. 


2. The action potential in the ventral roots related 
to the histological picture. 

After these experiments it seems probable that the small 
wave is due to action potentials in the well-known group of 
small fibres of diameters from 3—8 fi. This conclusion has 
been checked vuth the aid of a comparison of the time rela- 
tions of the small wave with the histological picture in a man- 
ner, well known from the classical work of Gasser and Er- 
LANGER (1927). 

It has now been shown by Gasser and his collaborators 
(Hursh, 1939, Gasser and Grundfest, 1939) that the con- 
duction velocity of the nerve fibres is approximately pro- 
portional to their diameter, not to the square of the diameter 
as at one time was believed. Gasser and Grundfest showed 
that the conduction velocity stands in this relation to the 
axone diameter. In agreement with Arnell. (1936) they found 
that the ratio between axone diameter and outside diameter 
is not constant within the whole fibre range. For fibres below 
8 the ratio successively sinks from 0.69 to 0.55 at 3 jj., so 
that the speed of conduction within this range diminishes at 
a faster rate than that corresponding to the diminution of the 
outside diameter. 

In comparing the conduction velocity of the action potential 
with fibre calibre the follomng procedure was adopted. The 
action potential was recorded as monophasically as possible 
and at great amplification, so that the small wave became 
clearly visible. The small wave was then copied under a mag- 
nifying projector. Below the time scale was plotted the calibre 
scale, assuming that the largest fibres initiating the alpha wave 
had a diameter of 20 /x (see Fig. 1). The calibre scale was 
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Fig. 17. Correlation between the action potential and the size of 
the ventral root fibres. The action potential was recorded in the 
ventral root S 1 in response to stimulation of the tibial nen’^e. 
A, time scale in msec. B and C, calibre scales of the outside dia- 
meters of the nerve fibres in /<. Scale B corresponds to a direct 
relation between outside diameter and conduction, velocity. Scale 
C corresponds to a direct relation between axone diameter and 
conduction velocity. Sec text. 


plotted in two ways: (i) on the assumption of a direct pro- 
portionality between conduction velocity and outside diameter 
for the whole range of fibre diameters domi to 3 y, (ii) the 
same scale was corrected for the small fibres so as to agree 
with the sinking ratio between axone diameters and outside 
diameters.^ Thus this particular scale corresponds to a linear 
relation between conduction velocity and axone diameter. 

In Fig. 17 has been pictured the action potential in SI 
elicited by stimulation of the tibial nerve. It is seen that the 
calibre scale which corresponds to direct proportionality be- 
tween conduction velocity and axone diameter (Scale C) is 
spread out over a wider range than the uncorrected scale re- 


1 According to Gassek and GhUNDFESt’s curve for this ratio the val^ues 
for 7 , C, 5 and 4 respectively are approximately 0.G8, 0.6G, 0.63 and 0.59. 
Hence the value in this scale relative to the time axis will be, for instance 
for 5 .« 0.69/0.G3 of tlie value in the scale corresponding to a linear relation 
between conduction velocity and outside diameter. 
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Fig. 18. Correlation between action potential and fibre size as in 
fig! 17. The action potential was recorded in the ventral root S 1 
in response to stimulation of the nerv« to gastroc. med. The action 
potential of the second wave recorded at an amplification 27 times 
greater than that used for recording the a-potential in full. 

See text. 


ferring to outside diameter (Scale B). But this difference is of 
significance only for calibres below 5 — 6 }i. 

A glance at the figure shows that the minimum of the curve 
of potential corresponds to a fibre size between 7 and 8 jx. This 
corresponds ivell with the histologically demonstrated minim- 
um between the two fibre groups. The maximum of the second 
wave is between 5 and 6 //. The end point of the potential 
cannot be given with precision since the wave of action ends 
in a flat, extended tail. On the scale, based on direct pro- 
portionality between axone diameter and conduction velocity 
(Scale C), the potential runs down to about 4 //. 

In Fig. 18 is shown, another example of the relation between 
calibre and action potential. The medial nerve to gastrocnemius 
was stimulated and the leads were on the ventral S 1. In 
addition the alpha wave is reproduced in full at an amplifica- 
tion that is smaller than the one used for the small wave. 
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Here too the minimum is around 8 ^i. The peak of the alpha 
wave corresponds to a diameter of about 16 ,u. The maximum 
for the small wave falls around 6 ii and the wave is followed 
down to 3 — 4 /i. 

A comparison between fibre distribution, according to 
Eccles and Sherrington (see Fig. 1), and action potential 
thus shows verjr good agreement between the distribution of 
potential, on the one hand, and the distribution of fibre size 
on the otlier. The spike potential allotted to the small fibres 
is found in the right place in the diagram and, no doubt, is 
also caused by acti\’ity in the group of small fibres. 


3. The conduction velocity of the small fibres of 
tlie ventral roots. 

The conduction velocity of the largest motor fibres wliich cor- 
respond to the spikes making up the initial phase of the alpha 
potential is well known from several investigations. It is prac- 
tically the same as for the largest sensory fibres, with values 
around 100 m. p. s. O’Leary, Heinbecker and Bishop 
(1934) found rates varying between 80 and 110 m. p. s. 

With these figures available it was held unnecessary to mea- 
sure the absolute value for conduction velocity in the small 
fibres in separate experiments at different conduction distances. 
As a rule only their relative conduction rates were determined. 
The conduction velocity of the alpha wave was given the value 
of 100 and that of the small wave computed .from the records 
in relation to this fixed value. Measurements on the records 
were made from the shock artefact to the start point of the 
alpha wave and to the start and the end point of the 
small wave. The ventral roots were again used for the leads 
and the stimulus was placed at some peripheral nerve, e. g. on 
the distal part of the sciatic. A relatively high degree of ampli- 
fication was used so that the wave stood out clearly. Stimulus 
strength was maximum for the small wave. 

The values obtained in 5 experiments have been collected 
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Table 1. Relative conduction velocities of ventral root fibres. 


Stimulated 

nerve 

Recorded 

ventral 

root 

Start of 
alpha-wave 

Start of 
second wave 

End of 
second wave 

Sciatic 

L 7 

100 

as 

20 


L 7 

100 

40 

20 

Peroneal 

L 7 

100 

38 

21 

Gastroc. med. - . 

SI 

100 

41 

25 

Tibial 

S 1 

ICO 

38 

21 







in Table 1 in which the conduction velocity of the alpha wave 
is fixed at 100. 

The conduction velocity of the largest fibres of the small 
•fibre group is thus, on an average, 38 per cent of that of the 
largest alpha fibres. The lower limit can not be very accurately 
measured, because the potential wave ends in a flat, extended 
tail. The conduction velocity in the small fibres, however, rang- 
es down to approximately 20 per cent of the alpha rate. 

In two experiments the absolute value of the conduction ve- 
locity of the small wave was determined. In the one experiment, 
with leads on the ventral root S 1 and stimulation of the distal 
part of the tibial nerve, the conduction distance was 23 cm. 
The conduction velocities for the alpha wave and the small 
wave were respectively 92 m. p. s. and 33 m. p. s. In the other 
experiment, with leads at S 1 and stimulation of the medial 
gastrocnemius nerve, the conduction velocities were respective- 
ly 115 m. p. s. and 44 m. p. s. for the large and the small 
fibres. 

If the values thus obtained for the small efferent fibres are 
compared with the conduction velocities of the well-known A 
components in sensory nerves it is found that the nearest 
equivalent to these efferent fibres is the sensory gamma group. 

Referring back to Belanger’s diagram, reproduced on p. 12 
it is seen that, relative to an alpha velocity of 100 m. p. s., the 
sensory gamma wave is conducted at a rate of 40 m. p. s., f. e. 
at a speed closely corresponding to that of the small efferent 
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fibres. Ifoi this reoson, and in order to have a convenient term 
for »the small potential wave? and ^the small fibres of the 
ventral roots:^ they will below be called the ^efferent gamma® 
wave and the sefferent gamma> fibres. 

4. Rclalive excitability of the l%vo groups of fibres 
in the ventral roots. 

It has often been ])ointed out that the relative irritabilities 
of fibres of different conduction velocities are functions of the 
time constants of the stimulus. Thus the greater excitability of 
the coarse fibers is less prominent with stimulating currents 
of long duration (Erlanger, 1937, Bishop and O’Leary, 
1930). With the common rapid condenser discharges, used also 
in this work, it has, however, been estimated (O’Leary, Hein- 
BECICER and Bishop, 1934) that fibres below 8 /i require at 
least 2^4 limes stronger stimuli than fibres around 20 ,a. 

T'he relative irritabilities of the two fibre groups have been 
determined from simultaneous records of action potential and 
stimulus on the double ray oscillograph. The relation between 
stimulus strength and the recorded deflexion was so adjusted, 
that the latter had a suitable amplitude on the face of the tube 
where it was directly measured. Strength of stimulus was mea- 
sured for (i) alpha wave threshold, (ii) alpha maximum, (iii) 
gamma wa^'e threshold, (iv) gamma maximum. 

Maximum strength for the gamma wave was held to have 
been reached at a strength of stimulus at which the tail of this 
wave was fully developed. Amplification was adjusted so as to 
reproduce the gamma potential in full but was diminished tem- 
porarily in order to measure the amplitude of alpha. 

The results from five experiments have been summarized in 
Table 2. 

It should be noted that the definition of the alpha maximum 
does not exactly correspond to the definition of the gamma 
maximum since in the former case maximum amplitude is used 
and in the latter case it was required that the tail of the gamma 
wave also be visible. The reason for this difference in the de- 
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Table 2. Relative thresholds of ventral root fibres. 


Stimulated 

nerve 

Recorded 

ventral 

root 

Alpha 

threshold 

Alpha 

maximum 

Gamma 

threshold 

Gamma 

maximum 

Sciatic 

L 6 

1 

3.3 

3.7 

13 

Peroneal 

LG 

1 

3.5 

3-5 

15 

Peroneal 

L 7 

1 

3.1 

3.9 

23 

Gastroc. med. . . 

S 1 

1 

3.3 

4.0 

12 

Tibial 

S 1 

1 

2.3 

4.2 

16 


finition of tbe maximum is the great dispersion of the gamma 
wave which means that, on increasing stimulus strength, this 
wave expands horizontally rather than vertically. 

Table 2 shows that the threshold of the most excitable units 
within the group of small fibres are, on an average, 3.9 times 
higher than those of the most sensitive coarse fibres. Related 
to the alpha threshold as unity a 16fold increase of stimulus 
strength is necessary for activating the whole group of small 
fibres. Even though all figures must be regarded as round num- 
bers there is, nevertheless, a considerable difference in the irri- 
tability of the two groups of fibres. As a rule there is a distinct 
interval in stimulus strength between the maximum for alpha 
fibres and the absolute threshold for the gamma fibres. The 
difference in stimulus strength between the late basal portion 
of the alpha wave and the initial phase of the gamma wave is 
insignificant but, at times, clearly measurable. 

Thus, at a stimulus strength necessary for including the 
whole alpha complex there is never more than a small fraction 
of the gamma fibres engaged, judging from the small area of 
the gamma potential present at this strength of stimulation. A 
successive increase of stimulus strength will therefore engage all 
fibres of the alpha group before a significant part of the gamma 
fibres has become mobilized. These facts are of primary im- 
portance for any attempts to isolate the functional properties 
of the two groups of fibres. 
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5. Differential block of conduction in 
the ventral root fibres. 

In order to investigate the funetion of the efferent gamma 
fibres it is desirable to be able to eliminate the actmty of the 
large fibres. To this end experiments \TCrc carried out with 
pressure block and polarization block. The selectivity of the 
block \vas tested with the action potential as index. 

Gasser and Erlanger showed in 1929 that the pressure 
blodc first attacked the coarse fibres whereas cocaine first pa- 
ralysed the small fibres. Since that time such methods of differ- 
entiation have been used a great deal in investigations on man 
and animals, chiefly in order to study the function of various 
sensory fibre groups. (For work on animals, see Clark, 
Hughes and Gasser, 193.), Bishop and HEmBECKER, 
1935.) The mechanism of the block and its dependence upon 
pressure and iscliemia has recently been studied by Bentley 
and SciiLAPP (1943). The constant current block has been 
much less used and is, according to Bishop, Heinbecker 
and O’Leary (1933), somewhat less selective than the pressure 
block. Cocaine too, in primarily attacking the small fibres, is 
less selective than prcs.sure (Gasser and Erlanger 1929). 

The pressure block was applied to the sciatic nerve with 
the metal clamp described above (p. 19), or, simply, by press- 
ing the nerve with the fingers. The stimulus was applied to the 
peripheral end of the nerve and the leads were on the motor 
roots. It proved possible to obtain a highly selective block by 
these means. The large main wave could be removed without 
any marked effect on the small gamma wave. The degree of 
pressure applied has been varied so that a total block of the 
alpha fibres was developed within a time varying between 15 
and GO min. Within wide limits the degree of selectivity is in- 
dependent of the amount of pressure e.xerted, but, as it was 
felt desirable to reach the full effect before marked changes in 
the general experimental conditions had occurred, relatively 
heavy pressure was used. Possibly the selectivity of the block 
is also somewhat more pronounced at high pressures. Often the 
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Fig. 19. Differential blocking of the a-fibres by compression. The 
potential is recorded from the ventral root S 1 in response to sti- 
mulation of the nerve to gastroc. med. Block applied to the sciatic 
nerve. The records show the final stages of the experiment appro- 
ximately 30 min. after application of pressure. 


best result was obtained if pressure first was exerted till the 
alpha Avave had disappeared, then removed for a brief interval, 
and finally applied again after some rotation of the nerve so 
that the fibres were struck in a new place. In Fig. 19 are shown 
the last stages, of an experiment in which pressure was applied 
manually for 25 min. In Fig. 19 a the size of the alpha poten- 
tial is already considerably reduced. Its amplitude is only 
about of the initial height. The gamma wave, however, 
is still of normal size. 


38 




Fig. 20. Differential blocking of the a-fibres by polarization. The 
action potential was recorded from the ventral root S 1 in response 
to .stimulation of the nerve to gastroc. mod. Blocking electrodes 
at the sciatic nerve with the cathode distally. Current strength is 
.succe.s.sivciy increa.scd from a to c. In / polarizing current broken. 
Current .strength in c approximately O.r) mA. 


In Fig. 19 b to <7 the block proceeds and the alpha wave is 
further reduced. Only a very slight diminution of the gamma 
wave take.s place, however, and finally a stage is reached when 
merely gamma potential is left (Fig. 19 f)- Fig. 19 j pressure 
lias Ijeen removed and then a .small alpha wave has turned up 
again. 

It is important to pay attention to the possibility of iterative 
dischargc.s emanating from the blocked region. (Cf. Schaefer 
and SCH.MITZ, 1938). As a rule such iterative discharges in the 
motor fibres, whether .spontaneous or elicited by the arrival of 
the impulse to the blocked region, have not been noted in these 
experiments. 

In the experiments with polarization block the current 
has been applied to the sciatic nerve. The best selectivity is 
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obtained with the cathode towards the stimulus; Then the po- 
larization block may be just as selective as the pressure block. 
This is shown in Fig. 20. In this particular experiment the gam- 
ma wave was included in the tail of the alpha potential (Fig. 
20 a). But upon increase of strength (Fig. 20 h — e) the alpha 
components successively disappear leaving the gamma wave, 
practically intact (Fig. 20 e). In a certain phase of the block 
there was a heavy repetitive discharge from the blocked region 
(Fig. 20 c). This, however, disappeared upon further augment- 
ation of current strength. 

In a few experiments the cocaine block was tried. Ethocaine 
1: 500 was sucked up in a piece of cotton wool that was ^vrap- 
ped around the nerve. It was found that the effect upon the 
gamma wave was greater than the effect on the alpha wave 
but, since the small fibres easily can be eliminated by utilizing 
the threshold difference, it was held unnecessary to use this 
less selective method of removing them. 

Compared with the pressure block the polarization block has 
the advantage that it can be applied easily and is repeatable. 
But the repetitive discharge leading to muscle tetanus in a cer^ 
tain phase of the advancing block is a disadvantage when the 
effect of the small fibres upon the muscle activity is under in- 
vestigation. For this reason pressure block has been the chief 
method of removing the alpha component of the nerve action 
potential. 


6. The action potential of the small ventral root 
fibres and the muscle action potential. 

In view of the two waves of the motor response in the sciatic 
it is ricc-essary to ask whether it is possible to demonstrate a 
similar subdivision of the muscle action potential. It would 
not seem unreasonable to assume that the small fibres activate 
muscular structures giving some separate kind of electrical 
response. 

Actually several authors have reported that two components 
can be seen in the muscle spike, e. g., Gopfert and Schaefer 
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Fig. 21. Action potential of the gastrocnemius muscle, recorded 
bet^^ een the cut end and the belly of the muscle. Stimulus strength 
is successively increased downwards. 

(1941), Rosenblueth, Wills and Hoagl.\nd (1941), Wills 
(1942). This subdivision of the muscle action iDotential has 
been ascribed to a subdivision of the muscle into fast and slow 
fibres but lias not been correlated with the wave of action in 
the nerve which hitherto has been regarded as merely consist- 
ing of the relatively homogeneous alpha wave. 

In order to investigate this problem the action potential of 
the gastrocnemius muscle was recorded wdth the intention of 
revealing a possible muscular index of activity in the gamma 
fibres. 

The stimulating electrodes were on the sciatic nerve. In order 
to make the muscle potential as raonophasic as possible the 
distal electrode was placed on a tendon beyond a crushed reg- 
ion or on a muscle cross section. The proximal electrode was on 
the belly of the muscle. Other muscles were denervated. 

The recorded action potentials varied a great deal in form, 
depending upon the localization of the electrodes. Quite often 
the potential was divided in two parts, a large initial spike and 
a second small wave more or less distinctly separated from 
the former, as in Fig. 21. The small wave often had a higher 
threshold than the large spike. 
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Fig, 22. Records showing that the muscle fibres which produce the 
first large spike of the muscle action potential can be made refrac- 
tory without affecting the fibres producing the second small wave. 
See text. 


In some cases the second wave must be ascribed to the di- 
phasic artefact (Cf. Bishop and Gilson, 1927, 1929). How- 
ever, it is impossible to explain all records in this way. For its 
independent nature also speak results obtained in experiments 
similar to those described above for the nerve potential. An ex- 
periment of this kind is illustrated in Fig. 22. 

Two successive stimuli were applied to the sciatic nerve. The 
first stimulus was nearly maximal for the first action potential 
spike, the second stimulus strong enough to be maximal also for 
the small wave of the complex potential'. (Fig. 22 a, h). At de- 
creasing intervals the second large wave gradually fell into the 
refractory period of the first (a — c), diminished {d — j) and 
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disappeared {g — /^). The small wave, however, was uninflu- 
enced. It cannot therefore have originated in the same ele- 
ments as the large spike. 

From this experiment it seems probable that there are two 
independent elements in the muscle but it is not possible to 
infer that the second element is activated by the group of small 
gamma fibres in the nerve. It may just as well have been ac- 
tivated by smaller fibres of the large fibre group. In order to 
clarify this matter, further experiments seem desirable. How- 
ever, it was felt that an analysis of the functional significance 
of the small gamma fibres of the motor nerve by means of 
muscle potentials introduced an element of hazard that made 
this approach both uncertain and tedious. The muscle poten- 
tials vary too much in form and secondary waves of different 
types turn up for reasons altogether beyond experimental con- 
trol. It was therefore decided to employ other methods of ana- 
lysis. 
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II 


Excitatory effects elicited by the smaU 
nhres of the TCiitral roots 


The identification of the action potential that corresponds to 
activity in the small fibres of the motor roots has facilitated 
the study of the excitatory effects elicited by these fibres. Sy- 
stematic investigations have been devoted to the effect of the 
gamma fibres on the muscle contraction and on the afferent 
impulses discharged from the muscle. In these investigations 
it has been possible to utilize both the threshold differences be- 
tween the alpha and gamma fibres as well as their differential 
sensitivity to pressure and polarization blocks. In both ways, 
the one procedure often supported by the simultaneous use of 
the other, isolation of the activity of the two fibre groups could 
be achiei'ed. 

The effects have generally been investigated in the gastroc- 
nemius muscle or in soleus and gastrocnemius together. The 
muscle tension has been recorded isometrically and the affer- 
ent activity has been studied in the medial or lateral nerve 
from the gastrocnemius muscle. It was pointed out above that, 
as a rule, the gamma potential cannot be observed in records 
from peripheral nerve. Consequently it has not been possible 
to picture the gamma wave in the nerve to the muscle and use 
it as an mdex of the activity of the small fibres. Therefore, in 
some of the experiments, as a check on the block, a centripe- 
tal volley was sent through, the blocked region and the gamma- 
potential was led off from a ventral root. In other cases the 
alpha potential was recorded peripherally and used as index of 
gamma actimty and stimulus strength, it being kno\sm from the 
prev ious experiments that the gamma fibres are not activated 
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before the alpha wave has reached maximum. Thus an 
approximate control of the gamma activity in the nerves to the 
muscle was attained. 

1. The small fibres of the ventral roots and 
the muscle contraction. 

O’Leary, Heinbecker and Bishop (1934) concluded 
from their experiments that the fibres of small calibre were 
without a definite effect on the muscle contraction. The max- 
imum tension was reached at a stimulus strength 2% times 
the alpha threshold. Further increase of stimulus strength of up 
to 8 — 10 times the threshold did not augment the muscle con- 
traction. 

A number of experiments of this type correlating stimulus 
strength and muscle contraction were carried out one of which 
is illustrated in Fig. 23. The stimulating electrodes were on the 
ventral L 7, and the contraction of the gastrocnemius muscle 
— single twitches — was recorded along the left side of the 
film without use of the sweep circuit. As a check on stimulus 
strength and gamma activity the alpha potential was led off 
from the medial nerve to the gastrocnemius. The nerve was 
di'vdded just above the muscle and the action potential recorded 
raonophasically. 

In Fig. 23 a stimulus strength is submaximal. In record 6 the 
alpha wave is nearly maximal. The mechanogram shows that 
the contraction too almost has reached its maximum. In the re- 
cords c stimulus strength was successively increased {1 to S) 
so that it ultimately reached a value about 5 times the one 
heeded for maximum alpha. The mechanogram, however, 
shows but a negligible increase of the amplitude of the contrac- 
tion. It is by no means certain that this small increase is due 
to gamma activity. It may just as well have been caused by a 
small number of high threshold alpha fibres. 

Similar experiments with tetanic contractions instead of 
twitches gave identical results. Increase of stimulus strength 
beyond that necessary for maximum alpha did not augment 
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Fig. 23. Isometric twitch in gastrocnemius in response to stimula- 
tion of ventral root L 7 (v L 7 in diagram) with successively in- 
creasing stimulus strength. Simultaneous recording of the a-po- 
tential in gastroc. med. (GM in diagram). 

Record a. Stimulus submaximal. 1, a-potential in gastroc. med. 
2, muscle twitch. 

b. Stimulus just submaximal for a. 

c. Stimulus strength successively increased to approximately 15 
times a threshold (1 — 3). 

d. Calibration of myograph to 2 000 gm. 

(The low-threshold tail of the a-wave is presumably due to 
branching of fibres. Cf. p. 27). 

Full description in text. 


the muscle tension. If a minimal muscle contraction was used 
as a measure of the threshold effect the maximum tension was 
found to correspond to 2.2 — 2.5 times the threshold value. In 
Fig. 24 is reproduced an experiment in which muscle tension 
and stimulus strength have been simultaneously recorded. 

The stimulating electrodes were applied to the sciatic nerve, 
about 4 cm. above the gastrocnemius head. A Ioav film speed 
was used and the sweep not employed so that the directly re- 
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Fig, 24. Isometric tetanus in. gastrocnemius in response to stimu- 
lation of the sciatic nerve with varying stimulus strengths. 

a. 1, raechanogram. 2, relative stimulus voltage. Height of 
oblong T = threshold stimulus. 

b. Same as a. Time 1/5 see. 

c. M.yograph calibration for record a 1 2 000 and 2 250 gm. 

d. Myograph calibration for record h 1 2 250 and 2 000 gm. 

Full description in text. 


corded stimulus .shocks (o 2) form a surface the upper contour 
of which marks relative stimulation voltages. In order to ob- 
tain an accurate value for the threshold contraction this was 
first determined at maximal sensitivity of the myograph. A sti- 
mulus strengtlr corresponding to a contraction of 20 gm was 
taken to be the threshold value {T). This having been done, 
the amplification of the myogi-aph amplifier was increased, and 
the muscle contraction recorded in the manner illustrated in 
Fig. 24: a 1 and h 1. In these records the sensitivity of the 
myograph system was adjusted so that it was relatively greater 
at maximal than at minimal amplitude of the contraction, a 
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possibility provided for by the particular myograph system 
used (Cf. section on Methods). The successive increase in 
stimulus strength may be followed in the records. At approxim- 
ately 2.0 times the threshold (T) the contraction was maximal. 
Further increase of up to 12 times the threshold strength had 
no effect on muscle tension. In b is shown, once more, that 
augmentation of stimulus strength above approximately 2.5 
times the threshold did not affect the amplitude of the mus- 
cular response. 

These results therefore agree with those of O’Leary, Hein- 
BECKER and Bishop. If the gamma fibres have any effect on 
the muscle contraction this must be so small as to be unmeasur- 
able, at least as long as the alpha fibres maintain full activity. 

In drawing conclusions from these results one factor should 
be considered, on account of which this type of experiment can- 
not be regarded as crucial. This is the possibility of a multiple 
innervation of the muscle fibres by both alpha and gamma 
components. If there be multiple innervation, the results of 
these experiments av well as of those of O’Leary et al. could 
be misleading. 

Now multiple innervation has been described by several hi- , 
stologists (Agduhr, 1916, 1919, 1939, Cuajtjnco, 1932, 
Haggqvist, 1940, and others).^ Haggqvist (1940) has re-, 
ported that muscle fibres in m. tensor fasciae latae in rabbits 
are innervated both by a coarse and a thin fibre. A physio- 
logical demonstration of multiple innervation has recently been 
given by Katz and Kuffler (1941), This factor cannot there- 
fore be neglected. If the same muscle fibres are innervated by 
both alpha and gamma nerve fibres, it is quite possible 
for the effect caused by alpha activity to conceal whatever 
additional effects might have ensued from the high threshold 
gamma activity. 

In order to eliminate the alpha activity and to find out 
whether isolated gamma fibres could elicit contractions, it was 
deemed necessary to carry out experiments with pressure block. 

^ lor hislological data concerning tl)e innervation of rkeletal muscle the reader is 
referred to the excellent review by Hinsey ( 1934.). 
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The stimulating electrodes were applied to the ventral roots 
L 7 or S 1, and the muscle contraction recorded as in the expe- 
riment of Fig. 23. The pressure block was applied to the sciatic 
nerve. Its effect was checked by means of records of the alpha 
wave in the peroneal nerve or by recording the antidromic vol- 
ley, sent alternately from below the block to a ventral root ad- 
jacent to the one stimulated, e. g. L 6. In the former case the 
progress of the block could be ascertained from the height of 
the alpha spike. In the latter case the blocking effect on both 
alpha and gamma fibres could be followed in the root when a 
number of sweeps were photographed in which alternately the 
muscle contraction and the antidromically elicited root poten- 
tial were recorded. 

Fig. 25 illustrates an experiment with single muscle twitches 
elicited from L 7, the block being checked by alternating be- 
tween recording the mechanogram and the antidromically con- 
ducted volley in L 6. The records show the last stage of the 
blocking effect and the muscle contraction has been recorded 
at maximal myograph sensitivity. They were photographed 
between the 14th and 20th minute after application of a heavy 
pressure block. In Fig. 25 a there are first two beats of the 
sweep, 1 and 2, which show that the effect of the pressure has 
been to reduce the amplitude of the alpha wave in the ventral 
L 6, originally 15 times larger than the gamma wave, to only 
3 times the gamma wave. The latter is practically intact. After 
the second beat of the sweep (2) the stimulus was switched 
over from the peroneal' nerve to the ventral root L 7 in order 
to record the muscle contraction (M) which is of a very small 
order, in fact, 80 gm tension as against the original 500 gm 
before the block was applied. 

The block has undergone further development in Fig. 25 b, 
and in c the amplitude of the remaining alpha spike roughly 
corresponds to that of the gamma wave, the latter still being 
relatively good. The recorded muscle tension is now below 50 
gm. FinJillj^ in d, there is a very small remnant left of the alpha 
spike. The gamma spike has also diminished but an increased 
amplification, as in the lowest beat of the sweep (a and y), 
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Fig. 25. Muscle twitch and differential blocking of conduction in 
a fibres. Isometric twitch elicited in gastrocnemius by stimula- 
tion of ventral root L7 (v L7 in diagram). Compression block on 
the sciatic nerve at B. Block controlled by alternating antidromic 
volleys from peroneal nerve, P, to v L 6, Initial stretch 200 gm. 
Initial twitch 500 gm. 

Records: a. Blocking time 14 min. 1 and 2, antidromic volleys in 
V L 6 . M, the corresponding muscle twitch after switching over 
stimulus to V L7. Twitch tension 80 gm. (The sweep beat above 
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shows that its area still is considerable and a great deal larger 
than the area covered by the alpha wave. There is now merely 
a contraction of about 10 gm tension, i. c. 2 per cent of the 
original value. 

The block developed in a quite satisfactory manner, as shown 
by the control of the antidromic volley recorded from L6. 
Hence it inu.^t be concluded that, at the moment when the 
block had reached the stage that a very small, barely record- 
able fraction of the muscle contraction ivas left, a large frac- 
tion of the gamma pojmlation of fibres were still conducting 
timough tlic blocked region. A very small number of alpha 
fibres were also capable of carrying impulses through the block 
and the.se or the gamma fibres must account for the minute 
effect of 10 gm tension recorded. 

Similar results were obtained with tetanic stimulation. This 
is clearly sliown by the e.\i>erimcnt illustrated in Fig. 32, p. 68, 
on. It was designed to elucidate the possible effect of gamma 
activity on the afferent di.‘;chargc from the muscle but it also 
givc.s -some information about the effect of a progressing block 
on a tetanic muscle contraction. The ventral root L7 was sti- 
mulated supramaximally for gamma and the effect of the block 
was checked by means of records of the peroneal alpha poten- 
tial. The rnnscle contraclion was recorded witliout use of the 
.sweep circuit and llms a})pear.s alongside the film on the left. 

In Fig. 32, c and d, the block has reduced tlie muscle contrac- 
lion to merely about 15 gm tension. At the same time the alpha 
spike in the peroneal nerve (P) lias been considerably reduced. 


the meehanogrnm is the record from v L6 to stimulation of v L7 
and only shows .shock artefact). 
h. After 15 min.; twitch tension GO gm. 
c. After 17 min.; twitch tension 40 gm. 

(!. After 20 min.; twitch tension M approximately 10 gm. Ampli- 
fication for the second .swec]) (a, j’) 3 times higher than in the 
preceding rccorch. 

(\ Calibration of myograph to 20 gm. 

Full description in text. 
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Nevertheless it is still clearly visible, and, with due regard to 
the selective properties of the block, it may safely be concluded 
that the majority of the gamma fibres are intact. Their effect 
on the muscle contraction, however, is minimal. This is now 
merely about 1 per cent of its original size which was 2 000 gm. 
This small remaining contractile effect may just as well be 
ascribed to the few remaining alpha fibres as to the gamma 
fibres. 

It has thus not been possible to demonstrate any definite 
effect of the gamma fibres upon the muscle contraction. These 
last mentioned experiments should have removed the objection 
that was based upon the possibility of multiple innervation 
with consequent concealment of the gamma activit}’- by the 
large contractile effect on the part of the alpha fibres. All such 
statements should, of course, be qualified by a reference to in- 
strumental sensitivity. It is clear, however, that the limiting 
factor has been the selectivity of the block rather than the sen- 
sitivity of the myograph. The minimal contractions recorded 
have been of the order of 10 — 20 gm or about 2 per cent of the 
maximum tension. At this final stage of the blocking effect 
some alpha fibres have still remained active together with a 
very much larger number of gamma fibres. Since the former are 
known to be true motor fibres they are probably responsible 
for the contractile remainder. A minor contractile effect may 
be caused by gamma fibres. This effect, however, if it exists at 
all, is so small that it could not play any significant part in the 
muscular contraction regarded as a process for conversion of 
energy into movement and tension. 


2. The small filires of the ventral roots and the 
afferent discharge from the muscle. 

It has not been possible to demonstrate any significant con- 
tribution on the part of the small efferent fibres to the muscle 
contraction. The next step in an investigation aiming at an un- 
derstanding of their physiological task necessarily involves the 
afferent side. Is there any connection between the discharge in 
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the efferent gamma fibres and the afferent impulses from the 
muscles? 

Until quite recently the afferent impulses from the skeletal 
muscles were all ascribed to various sensory end organs, the 
discharges of which had been well analyzed by IMatti^ws 
(1931, 1933). Matthfavs also discussed the* possibility of 
direct electrical stimulation of the afferent system by the action 
potential of the intrafusal muscle fibres but found evidence for 
this view only in one preparation. In eserinized preparations 
recurrent acli\'ily in ventral roots was observed by Dun and 
Peng (1940) and Maslaxd and Wigton (1940). 

Later Lloyd (1941, 1942) found that sjmehronous stimula- 
tion of a ventral root actually caused a centripetal discharge 
from the muscle. Unaware of his work I made the same obser- 
vation^ and then found that my records confirmed his in every 
detail. ]My results followed directly from the technical arrange- 
ments used in order to elucidate the problems raised by the res- 
ponses in the gamma fibres. The stimulating electrodes were on 
the motor root and the leadiiig-off electrodes on the sensory 
root of the same segment. Then the electrical sbackresponse* 
from the muscle, in response to the efferent volley, turned up 
in the sensory root, before the afferent discharge from the 
mu-scle and tendon organs. Lloyd’s work suggests that the 
electrical field around the intramuscular nerve endings initiates 
this centripetal discharge. Clearly this effect complicates the 
question rai.sed and has to be dealt with first. 

a. The cjjcreut gaiiuna jibres and the ^backresponses. 
from the muscle. 

The cross-excitation leading to the electrical backresponse 
from the muscle is found not only in sensory but also in motor 
fibres. When leading off the gamma potential from a ventral 
root the backresponse may sometimes appear simultaneously 

‘ On account of the war it has been difficult to keep up intact with Auieric^ 
phj-siolopral literature. Irately, however, several journals have arrived m this 
counlrj'. 
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Fig. 26. Simultaneous appearance of »backresponse» and gamma 
wave in a ventral root. Records from ventral L 7 in response to 
stimulation of tbe undivided sciatic nerve. 

a. Stimulation of the nerve 2,5 cm. above the gastrocnemius mus- 
cle. In the uppermost record the alpha wave is followed by a back- 
response from the fore-leg muscles (R). In the following records 
stimulus strength is increased and a gamma wave appears (y) 
with approximately the same latency as the backresponse. 

b. Stimulation of the sciatic nerve 5 cm. more proximally than in 
a. The latency of the gamma wave (7) is shortened, that of the 
backresponse (B) is lengthened. 


with the gamma wave and complicate the evaluation of the 
record. An example vdll make this clear. 

In the experiment in Fig. 26 the potential in the ventral root 
L 7 is recorded upon stimulation of the undivided sciatic stem, 
2.5 cm above the gastrocnemius muscle. The experimental con- 
ditions are then favourable for giving both backresponse and 
gamma wave practically identical latencies. In the uppermost 
beat of the sweep circuit the large alpha wave is succeeded by a 
second irregular potential wave (B ) that is the backresponse from 
the leg muscles. The latent period of this wave is about 4 msec. 
Strength of stimulus has been just subthreshold for the gamma 
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potential. In the following records of the same series a, the sti- 
mulus strength has been successively increased. The gamma 
wave does not appear as a separate entity but it is seL that 
the second potential wave has become elevated suggesting that 
the gamma wave (}>) has contributed something to this deflection 
of the instrument. By shifting the position of the stimulating 
electrodes upwards along the nerve this surmise was proved to 
have been correct. The effect of this shift was to shorten con- 
duction distance for the gamma wave and lengthen conduction 
distance for the backresponse by the same amount. According- 
ly the latent period for the gamma wave became shortened and 
that of the backresponse lengthened. This is illustrated in Fig. 
26 b where the gamma wave (•/) turns up in front of the back- 
rcsjmnse (B). The experiment presented in Fig, 26 illustrates 
that the backresponse, unless recognized, may seriously en- 
danger interpretation of the gamma wave. 

In the sen.sory roots the impulses from the muscles are far 
more marked. The discharge from a single muscle, e.g. the 
gastrocnemius, is of characteristic form: a .synchronized volley 
with a tail of irregular shape. Assuming the gamma fibres to 
innervate sej)arate elements, the tail might be a backresponse 
caused by the action potentials of these elements. In Fig. 27 
is found the centripetal volley in the dorsal root L7 after sti- 
mulation of the ventral L 7. The second complex potential (£ 
and 3} is coming from the gastrocnemius, the first (1) from 
proximal hip mu.scles that have been left undenervated. The 
response from the gastrocnemius is seen to consist of a relati- 
vely large volley, {2) followed by a smaller deflection (3). This 
tail has been found to be far more sensitive to an increase of 
.stimulus frequency (Cf. Lloyd, 1941, for the same observa- 
tion), which leads to a considerable decrease of its size, thus 
suggesting that it cannot have had the same origin as the first 
large volley. This view was strengthened by experiments in 
which the muscle was stretched by pulling on its tendon. To 
this increase of muscle tension the first, large volley responded 
with a considerable reduction in size whereas the effect of 
stretch on the small second potential was far less marked. 
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Backresponse from the muscles, recorded in dorsal root L7 in 
response to stimulation of ventral L 7. 1, backresponse from 
proximal hip muscle. 2 and S, backresponse from gastrocnemius, 
showing the spike potential (2), followed by an irregular tail (8). 

Fig. 28. Discharge in dorsal root L7 to stimulation of ventral L 7. 
1, i-Hering’s phenomenonf. 2 and S, backresponse from gastrocne-. 
mius-solcus. a and b. Muscles unloaded, c. and d. Same during 
passive stretch of the muscles. 

See text. 


Fig. 28 illustrates an experiment in which, during stimulation 
of the ventral L 7, a strong pull was exerted on the tendo 
Achillis. In this case soleus was undenervated so that the se- 
cond potential complex arises in the combined gastrocnemius- 
soleus muscle. It is preceded by a large volley (i) coming from 
the cut end of a proximal nerve to muscles above this region 
(the Hering phenomenon, Hering, 1882, Lloyd, 1942, Gea- 
NiT, Leksell and Skogliind, 1944, and others) and due to 
impulse transmission at this end. This discharge transmitted 
from the cut end (volley 1) may, of course, from the point of 
view of this experiment be regarded as an artefact and remains 
uninfluenced by what happens in the muscle. l^Tien, in records 
c and d, the pull is applied, the early part of the potential com- 
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Pig. 29. Backresponse in the dorsal root L 7 in response to stimu- 
lation of ventral L7. Simultaneous recording of the potential in 
the peroneal nerve. 

a. Supramaximal stimulus strength. P, peroneal volley. R, back- 
response, 1, from proximal hip muscle, 2 and 3, from gastrocne- 
mius. 

6 — d. Successive reduction of stimulus strength. 

plex diminishes tvliereas the tail of this potential is more resis- 
tant, indicating that the two components of the response are 
conducted in different fibres. In favour of this conclusion is 
also the somewhat higher threshold of the tail of the potential 
complex as compared with its initial phase. 

This is demonstrated by the experiment in Fig. 29. 

The backresponse has again been recorded from the dorsal 
root L 7, the stimulating electrodes having been on the ventral 
L 7. This is shown in record a R. In record a P the action po- 
tential in the peroneal nerve has been simultaneously picked 
up at a conduction distance which approximate^^ corresponds 
to the distance from root to gastrocnemius muscle. This action 
potential has been led to the second beam of the cathode ra5^ 
oscillograph. The alpha potential served as a control of thresh- 
old and stimulus strength and its conduction time could be 
directly compared with the latency of the backresponse. - 

In records 29 a P and R the stimulus strength is supramaxi- 
mal. From b to d stimulus strength is successively decreased. 
The reduction of stimulus strength is accompanied by a slight- 
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ly grcfltcr reduction of the t&il of the bnekresponse thsn of its 
first phase. This difference in threshold suggests that the tail of 
the backresponse possibly is initiated by activity in smaller 
efferent fibres than the early spike component. 

In order to ascertain whether the efferent conduction actually 
takes place in the gamma fibres the different latent periods and 
conduction times must be considered. 

The latent period of the large initial phase of the back- 
response was in most experiments 3.5 — i.O msec. Within this 
time are included (i) conduction time from motor root to 
gastrocnemius, about 1.5 msec., (ii) approximately the same 
time back to the sensory root, and (hi) the delay in the muscle. 
The latent period of the tail part of the backresponse is app- 
roximately 1.5 msec, longer than the latency of the initial part. 
These additional 1.5 msec, may be explained by a slower rate 
of conduction in the efferent fibres. 

Assuming the same conduction time in the afferent path 
and the same intramuscular delay for the spike and the tail 
of the backresponse, this difference in latency, however, is too 
small to correspond to efferent conduction in gamma fibres. 
If the impulses in the alpha fibres are conducted to the muscle 
in 1.5 msec., the gamma wave, having a propagation rate of 
approximately 40 per cent of alpha, will need 3.75 msec, and 
the latency differential will be 2.25 msec. 

The tail of the backresponse cannot therefore be explain- 
ed as due to the gamma fibres, without additional assump- 
tions as to the time required for cross-stimulation inside the 
muscle and for afferent conduction. That the gamma fibres 
contribute to the late part of the backresponse is not excluded, 
however, and there are no obvious reasons why they, in this 
respect, should differ from other ventral root fibres to the 
muscles and not be able to cause any cross-stimulation with 
consequent backresponse. 

It was attempted to obtain more information on these quest- 
ions by using differential block of the efferent fibres. Since 
the backresponse is led off from the dorsal root, the block in 
this case had to be applied to the stimulated root itself, but it 
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was found that the roots were too short for being used for both 
stimulation and selective blocking. 

As to the physiological significance of the backresponse 
there is no evidence available. This question will not be con- 
sidered in this connection. Attention has been directed to the 
properties of the backresponse chiefly because this phenome- 
non proved to be an unexpected complication in the attempts 
to isolate the gamma potential and study its role in muscle 
physiology. 

b. The effere7it gamma fibres and the afferent activity 
from the muscle proprioceptives. 

The afferent impulses have in these experiments been rec- 
orded from the whole nerve. Isolation of single fibres was not 
attempted. Now it is clear that recording of massed impulses 
in this manner to some extent prevents evaluation of minor 
changes in the total activity. On the other hand, it is of some 
value to have the nerve undamaged and to obtain a general 
view of the total afferent activity. The polarization and pres- 
sure blocks as well as the threshold difference have been used 
to differentiate between alpha and gamma fibres. 

The afferent discharge was recorded from the medial or 
lateral gastrocnemius nerves, which were carefully separated 
for 2 — 3 cm. from the main nerve stem in the popliteal fossa. 
It was noted that that part of the gastrocnemius muscle which 
is motorically innervated by either of these nerves also sends 
its afferents through the same nerve. Therefore the nerve was 
left unsevered and diphasic recording was used. This arrang- 
ement means that the whole sciatic stem can be blocked elect- 
ricallj^ or by pressure, without interfering with the recording 
of the afferent activity from one of the branches separated 
below the block. Since the stimulating electrodes were on the 
ventral root the centrifugally directed volley suffered the 
full effect of the block used for differentiating between alpha 
and gamma fibres. 
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Fig. 30. Increase of afferent discharge from the muscle during con- 
tmction. Isometric twitch in gastrocnemius in response to stimula- 
tion of the sciatic nerve (a 1, h 8). Simultaneous recording of the 
afferent discharge in gastroc. med. (GM in diagram), (a 2, b 2). 
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When a muscle, kept under moderate initial tension, con- 
tracts isotonically the afferent discharge from the stretch re- 
ceptors is reduced. During an isometric contraction, however, 
there is a considerable increase of the afferent response. A 
large number of experiments were carried out in order to asc- 
ertain to which extent, if at all, the high-threshold gamma 
fibres contributed to this increase. The stimulating electrodes 
were on the ventral root or on the sciatic nerve. 

Fig. 30 illustrates an experiment with single twitches of 
the gastrocnemius and simultaneous records of the afferent 
activity in the medial gastrocnemius nerve in the manner 
already described. The sciatic nerve was stimulated. The 
muscle contraction and the discharge in the nerve from the 
muscle were reproduced transversally with the same sweep 
velocitj’’ (Fig. 30 a, 1 and 2). On the third beam (a 3) has been 
recorded the ventral root potential in L 7 with a faster sweep 
in order to possess one more control of stimulus strength and 
gamma activity. The polarity of the stimulus could be altered 
by means of a commutator. In this particular case, however, 
the difference between cathodal and anodal stimulation pro- 
ved to be insignificant so that the cathode was all the time 
located to the distal electrode. The antidromically elicited 
gamma wave in the ventral root ser\'ed as an approximate 
measure of the gamma contribution to the centrifugal volley. 

In the uppermost picture of Fig. 30 a is reproduced the 
afferent activity {2) from the muscle in response to passive 


The antidromic potential in the ventral root L7 (v L7) is also 
recorded, with rapid sweep (a 3). 

Record a. Uppermost record before stimulation. Initial tension 
250 gm. In the following records stimulus strength successively 
increased. 

b. Contraction in the uppermost record just submaximal. In the 
following records successive increase of stimulus. B, backresponse 
from gastrocnemius. 

c. Mvograph calibration to i 000 gm. 

Time" for contraction and afferent response in units of a msec. 
Full description in text. 
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stretch before stimulation. The initial tension was about 250 
gm. In the next record stimulation has started and a small 
alpha potential (S) is noticeable in the root. The muscle record 
(J) indicates a small contraction. This has sufficed to cause 
a considerable increase of the afferent activity in the nerve. 
The initial large potential, preceding the afferent discharge, 
consists of both the centrifugal stimulating volley and its back- 
response. The sweep speed is too low to separate them from 
each other. In the following records there is a successive in- 
crease of stimulus strength leading to an increased muscular 
tension and an increased afferent discharge.- The alpha po- 
tential in the ventral root is seen to be succeeded by a small 
wave (B) which is the backresponse from the muscle. In the 
uppermost record of Fig. 30 b, the muscle twitch (S) is nearly 
maximal. The gamma potential has not yet appeared in the 
ventral root. Further increase of stimulus strength in the pic- 
tures leads to activation of the gamma wave, (y). There is 
no significant further increase of the afferent discharge, the 
main increase having appeared already in Fig. 30 a, at an early 
stage in the experiment, long before the tension in the muscle 
Avas anywhere near its maximum value. 

The same result was obtained with tetanic stimulation. 
After a slight initial decrease of the afferent activity followed 
the large increase which reached its maximum just before or 
simultaneously with the maximum of tension in the muscle. 
In a few cases a further increase of the afferent activity was 
observed upon further augmentation of stimulus strength but 
the effect was not regularly noted. 

If the muscle is unloaded and slack there is also in some 
cases a small increase of afferent activity upon stimulation. 
In this case too the discharge begins before the tension is 
maximal and there is no definite augmentation of the effect 
when supramaximal stimuli are used. 

An experiment of this kind is reproduced in Fig. 31. Single 
twitches were elicited in an unloaded muscle. Afferent activity 
and the alpha wave in the peroneal nerve were recorded. In 
Fig. 31 a, 1 shows the afferent discharge before the contraction. 
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Fig. 31 a and b. Afferent activity from unloaded muscle. Simul- 
taneous recording of the afferent activity from gastroc. lat. (GL in 
diagram) and of the a-potential in the peroneal nerve (P) in res- 
ponse to stimulation of the ventral root L7 (v L7). Uppermost 
record in a before stimulation. In the following records strength 
of stimulus successively increased. — Time marking for the af- 
ferent discharge (1) 5 msec. 

The alpha potential in the peroneal nerve is recorded with a 
more rapid sweep (2 ) . In the following records stimulus inten- 
sity has been successively increased and the alpha wave has 
reached its maximum value in the uppermost record in b. 
Further augmentation of stimulus strength does not markedly 
influence the afferent acti^dty. 

It is therefore dear that an effect of the gamma fibres on 
the afferent discharge from the muscle, if present, must be hid- 
den under the large increase of afferent activity that sets^ in 
already in the early stages of a successively increasing tension 
in the muscle. This early effect cannot, of course, be due to 
the gamma fibres which are subthreshold for the stimuli used 
to elicit the weak contractions considered. 
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What is then the mechanism of origin of this massive affer- 
ent discharge? According to Matthews contraction unloads 
the great majority of the receptors, both A 1 and A 2 endings, 
when the stimulus is submaximal. These receptors are lying in 
parallel with the muscle fibres. This should lead to a diminu- 
tion of their activity. The B end organs, however, respond to 
stretch, independently of whether its origin is active or passive. 
Accordingly, the early increase of the afferent discharge in 
these e.\periments should be due to activation of the B endings. 
Matthews (1933) and Morson and Phillips (1937) be- 
lieve them to be localized, partlj’^ at least, to the tendon. 

In order to find out whether the increase noted was due to 
end organs in the tendon the following experiment was carried 
out. The one nerve to the gastrocnemius was severed prox- 
iraally, at the point where it joins the nerve stem. From this 
stump the afferent discharge was recorded and compared with 
the afferent activity in the second intact nerve. The ventral 
root L7 was stimulated. Just as before, the initial discharge 
caused by passive stretch in the intact nerve, was greatly aug- 
mented upon stimulation with consequent increase of tension 
in the muscle. In the severed stump, however, which came from 
a region that had not received any centrifugally conducted 
impulses, the afferent activity diminished during stimulation 
of the muscle. Assuming end organs in the tendon to have 
caused the afferent discharge under discussion, it should- not 
have made any difference whether the afferent discharge 
was recorded from the intact ner\"e or the stump. The fact 
that the afferent discharge only appeared in the intact nerve 
shows that the centrifugally conducted motor impulses were 
of some importance for the activity of the end organs and that 
these therefore must have been located to the muscle itself, 
not to its tendon. On the basis of Matthews’ concepts this 
means, either that B endings located to the muscle are respon- 
sible for the afferent discharge or that this submaximal in- 
crease of the afferent discharge is brought about by A 2 endings 
which need the efferent stimulus in order to discharge. The 
latter alternative implies that the intrafusal muscle fibres in 
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the muscle spindles are innervated by relatively large, low- 
threshold fibres belonging to the alpha group. 

The e.Kperiment.s described hav^e not given any definite sup- 
port to the view that the gamma fibres influence the afferent 
discharge from the muscle proprioceptors. Tins negative result 
may, however, depend upon such effects having been conceal- 
ed by the massive discharge just described or upon multiple 
innervation of the muscle spindles. Agduhr (1916, 1919, 1939) 
and CUAJUNCO (1932) among others have maintained that 
there are several motor end organs located to the intrafusal 
muscle fibres. 

If these are innervated both by coarse and small fibres, the 
exijeriments described may have been misleading. It is there- 
fore important to try to isolate the gamma fibres by selectively 
blocking the alpha fibres. Such experiments, analogous with 
those already reported in the section on the muscle contrac- 
tion, were therefore carried out in order to elucidate this point. 

A motor root, L7 or S 1, was stimulated supramaximally, 
and an electrical block or a pressure block applied to the 
sciatic nerve. The effect of the block was checked with the 
aid of peripheral records of the alpha wave and of ventral root 
record.s of the antidromically conducted wave which in addi- 
tion reproduced the gamma potential. The latter procedure was 
only used mth pressure blocks which affect conduction sym- 
metrically in both directions. 

An exijeriment of this type is reproduced in Fig. 32. The ventral 
root L 7 was stimulated and the afferent discharge picked up 
from the intact- ner\’'e to the medial head of gastrocnemius 
(Fig. 32 a 1). The muscle contraction was recorded on the 
third beam, without sweep, and again appears on the left in 
the film alongside the transversally recorded neurograms. The 
effect of the block was also controlled with a peroneal record 
of the alpha wave {2 P). This potential and the afferent dis- 
charge in the nerve from the muscle {1) were recorded on the 
double-beam cathode ray at the same sweep rates, and the 
sweep movement was started mechanically at intervals of 

about 1 or 2 sec. 
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In Fig. 32 a are shown two successive tetani, before applica- 
tion of the block. The uppermost beat of the sweep {1) shows 
the afferent activity before the contraction. It is elicited by 
tlie initial tension, caused by a load of 300 gm. Since there was 
no stimulation there is no alpha potential on sweep path 2, In 
the following records the afferent discharge is seen to undergo 
an increase during the contraction. The large initial deflections 
are a combination of efferent Amlley and backresponse. The 
peroneal alpha potential can be seen as a narrow spike, marked 
P. The maximal muscle tension during the two tetani corresp- 
onds to 2000 gm. 

Fig. 32 b was taken 20 min. after application of the pressure 
block. The muscle contraction is now greatly reduced but can 
still be seen as a small protrusion of the shadow on the left. 
The peroneal alpha potential (P ) is now about % of its original 
size. The afferent acti\dty, however, is still considerable during 
this small contraction. This suggests that it might be due to 
the active innervation of the sense organs rather than to the 
minute increase in tension in the muscle. The pressure block 
has not yet gone far enough to make it possible to decide 
whether this active innervation of the sense organs would be 
due to alpha or gamma fibres or to the combined action of 
both. 

In the next set of records. Fig. 32 c, page 68, ovdng to the 
progress of the block, the potential (P) would hardly have 
been visible at all, had not the amplification been increased to 
3 times the sensitivity used in the records a and 6. The afferent 
activity, however, still increases considerably during the con- 
traction as is evident by a comparison of record c 1, before 
the contraction, with record c 2. It is seen to follow mc2 after 
the big initial wave, caused by efferent volley and back- 
response, and can stiU be called a vigorus discharge, of much 
the same order of magnitude as in Fig. 32 a. It is, of course, 
impossible to make quantitative comparisons between massed 
discharges of this character. In Fig. 32 d, taken shortly after 
record c, a similar increase of the different response during 
contraction may be seen. 
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Fig. 32 a and b. Afferent discharge from the muscle and differential 
block of the a-fibres. Isometric tetanus in gastrocnemius to supra- 
maximal stimulation of the ventral root L 7 (v L 7 in diagram). 
Simultaneous recording of the afferent activity (a 1) at gastroc. 
med. (GM in diagram) and the a-potcntial in the peroneal nerve 
(P in diagram). 

a. Two successive tetani before application of the pressure block 
on the sciatic. Stimulus frequency approximately 23 per sec. 1, 
the afferent activity in gastroc. med. before stimulation. Passive 
tension 300 gm. P, a-potential in peroneal nerve, recorded on the 
second beam of the cathode ray tube {2). Xi crest of a-potential. 

b. Same as a after a blocking time of approximately 20 min. 
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Fig. 32 c and d. 

c. Isometric tetanus after a blocking time of approximately 30 
min. Maximal sensitivity of the myograph. Amplification of the 
peroneal volley (P) 3 times higher than in fig. 32 a and b. Fre- 
quency of the stimuli the same as in 32 a and b, 23 per sec. 
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Thus, although the block has eliminated most of the con- 
traction the afferent activity is increased during the contrac- 
tile phase, much as if the descending volley had stimulated 
the afferent end organs. It is easily shown that the impulses 
really constitute an afferent discharge from the muscle. One 
way is to remove the load from the muscle. Then the impulses 
disappear. They can only originate in a muscle subjected to 
some initial tension. Tliis property would place the end organs 
or afferents concerned among the tj^es which Matthews 
has called A 2 endings. 

Similar results were obtained ivith the polarization block. 
Despite practically complete removal of the contraction, 
there was a considerable increase of the afferent discharge dur- 
ing stimulation of the efferents. Some difficulties are often 
encountered with this type of block owing to the repetitive 
discharges from the blocked region. There was first a maximal 
tetanus in a certain phase of polarization. This, however, dis- 
appeared upon further strengthening of the block. But repeti- 
tive activity in the sensory fibres remained for a much longer 
time (Cf. Skoglund, 1942) and interfered with the affer- 
ent effects caused by stimulation of the efferent root, thereby 
making it difficult to separate the former from the latter. But 
it was found possible to evade these difficulties and differen- 
tiate the afferent discharge from the. impulses from the 
block by diminishing the load on the muscle or cutting the 
motor neiw^e distal to the leads. With the aid of these controls 
it was shown that stimulation of the efferent nerve to the 
muscle caused a vigorous afferent discharge at a stage when no 
muscle contraction could be recorded. Most experiments, how- 
ever, were carried out with the less complicated pressure block. 


d. Tetanus after approximately 35 min. Downwards gradually 
increasing stimulus strength {1, 2, 3). Stimulus frequency approxi- 
mately 45 per sec. 

e. Myograph calibration 50 gm. 

Full description in text. 
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An expcriniGnt with pressure block on the sciatic and. single 
twitches instead of tetanic stimulation is shown in Fig. 33. 
The records refer to the last phase of the ex^periment. The 
ventral root S 1 was stimulated. The afferent activity from 
the mi]^cle (Fig. 33, a, 2, 4 and 6, 2, 4) was recorded in the same 
way as before. The pressure was moderate so that the effect 
developed very gradually. The records were taken respectively 
60 and 73 min. after application of the block. As a check on the 
block an antidromic ventral root potential in L 7 was alter- 
nately recorded. 

In Fig. 33 a I is shown the antidromic potential in the root. 
There is a great reduction of the alpha wave, seen as a narrow 
spike of low amplitude. The gamma wave (r) is clearly visible. 
The afferent discharge, corresponding to this stage, is shown 
just below this record and marked 2. Since the stimulus has 
been antidromic (from the cut peroneal), there is no muscle 
contraction, and the afferent discharge thus represents the 
effect of passive stretch amounting to a tension of about 200 
gm. The initial wave is merely a shock artefact. The stimulus 
was then switched over to the root. Because of the block 
the muscle contraction M had diminished to less than 20 gm 
from an original value of 1 750 gm, or thus been reduced to 
about 1 per cent. By comparing a 2 with a 4 it can be seen that 
the afferent discharge increases during stimulation, despite the 
smallness of the contractile effect. 

In the records b further development of the block has led 
to complete disappearance of the antidromic volley {b 1), de- 
spite maximal amplification. But efferent stimulation of the 
muscle still led to a well marked afferent discharge, as may be 
seen by comparing records b 2 and b 4. 

On the basis of these experiments it seems safe to conclude 
that at a stage when the block has succeeded in removing prac- 
tically all the fibres, responsible for the muscle contraction, a 
centrifugal volley through the thin gamma fibres still causes 
a considerable increase in the afferent discharge from the 
muscle, provided that the muscle is subjected to a certain 
amount of passive stretch. 
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Fig. 33. Afferent discharge after differential blocking of the alpha 
fibres. Isometric twitch in gastrocnemius in response to stimul- 
ation of the ventral root S 1. (v S 1) Compression block (B) on 
the sciatic nerve. Block controlled by antidromic volleys from the 
peroneal nerve to v L 7. Twitch before blocking 1 750 gm. 

a. After a blocking time of 60 min. 1, antidromic volley recorded 
at V L 7. 2, afferent discharge in gastroc. med. to passive tension 
(200 gm.), preceded by large shock artefact. M, muscle twitch 
after switching over of stimulus to v Si. Tension approximately 
17 gm. 3, record from v L 7 to stimulation of v S 1, (shock arte- 
fact). afferent discharge from the muscle during contraction ilf. 

b. After a blocking time of 75 min. 1, record from v L 7 to stimu- 
lation of peroneal nerve. No potential visible. 2, afferent discharge 
from the muscle during passive stretch. M, muscle twitch to sti- 
mulation of V Si. 3, record from v L7 to stimulation of v Si. 
4, afferent discharge during twitch. 

c. Calibration of myograph to 20 gm. 

See text. 
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In still another way it has been possible to substantiate this 
conclusion: if stimuli of successively increasing strengths are 
applied to the root it is found that the afferent discharge does 
not appear before the threshold for the gamma fibres is 
reached. 

This can be seen by turning back to Fig. 32 d, p. 68. The 
small tetanic contraction, left in the last stage of the block, was 
elicited with stimuli of gradually increasing strength. In the 
sweep movement, marked 1, there is only a very slight increase 
of the afferent discharge. The muscle contraction, however, is 
nearly maximal, and so is the small remaining alpha volley in 
the peroneal nerve (P). The next beat of the sweep circuit 
brings out the augmentation of the afferent discharge (2), and 
it still increases upon further increase of stimulus strength 
in 3. But these afferent effects are only accompanied by a 
very small addition to contractile tension, something of the 
order of a few grams, despite the fact that the majority of gam- 
ma fibres gradually entered the field of activity. It is there- 
fore clear that the increase of the afferent discharge was due 
to the stimuli gradually becoming suprathreshold for the gam- 
ma fibres, and that their effect upon the muscular tension was 
practically nil. 
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DISCUSSION 


In the first section it was demonstrated that a component po- 
tential corresponding to the group of small ventral root fibres to 
the skeletal muscles in cats (Eccles and Sherrington, 1930) 
could be recorded by leading off from the roots. The reasons why 
such attempts (OXeary, Heinbecicer and Bishop, 1934) 
previously have been unsuccessful may have been that the con- 
duction distances were too short. 

The small potential wave was called the »efferent gamma» 
wave in agreement with the nomenclature of Erlanger and 
Gasser (1924). In more recent work by Gasser and his col- 
laborators (Gasser, 1937, Grundfest and Gasser, 1938, 
Grundfest, 1939) other criteria than conduction velocity, 
such as, for instance spike duration and afterpotentials, have 
been used for classification of the A, B and C groups of fibres, 
but these have not been included in the analysis of this new 
wave in the efferent output. It has been referred to the gamma 
elevation of the A group on account of its conduction velocity 
which is about 40 per cent of that of the alpha wave. This need 
not mean that the motor gamma fibres in all respects could 
be compared with the sensory gamma fibres. Recently impor- 
tant differences between sensory and motor fibres have been 
noted, for instance with regard to accommodation and repeti- 
tiousness (Erlanger and Blair, 1938, in frogs, Skogltjnd, 
1942, in cats, KugeLBERG, 1944, in man) or with regard to 
pressure (Denny-Brown and Brenner, 1944). For the time 
being such factors will be left out of consideration but they 
should not be left out of sight. 

Section II was devoted to an analysis of the effects caused by 
gamma innervation. We have seen that the results could be brief- 
ly summarized in the statement that highly selective activation 
of the efferent gamma fibres, so far from causing a definite motor 
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effect, on the contrary, gave rise to an afferent discharge from 
the muscle, provided that the latter was subjected to a certain 
amount of passive stretch. In slack muscles no effect whatever 
could be ascribed to these fibres. ^Vhether the gamma fibres are 
unique among the efferent fibres in causing an afferent res- 
ponse cannot be stated. Some of the experiments described 
above (p. 61, 62) indicate that larger fibres in the motor range 
may have a similar function. 

In the case of the gamma fibres this influence on the afferent 
activity of the muscle appears to be their exclusive task. They 
are evidently connected to the sensory apparatus as a regulat- 
ing mechanism. This fact is in itself of considerable general 
interest and recalls the organisation of the retina and the organ 
of Corti to both of which centrifugal fibres are said to pass 
(Ramon Y Cajal, 1909, 1911). Nothing is known concerning 
their function. The centrifugal gamma fibres in the ventral 
roots must somehow sensitize or directly activate structures 
which discharge under the conditions demonstrated by 
Matthews to hold for his so-called A 2 end organs believed 
to be the annulo-spiral endings of the muscle spindles. They 
respond during active isometric contraction of a tense muscle 
and remain silent when the muscle is slack. The gamma fibres 
may well be motor for the intrafusal muscle fibres. 

It is difficult to explain the mode of action of the gamma fi- 
bres in detail. But two main alternatives deserve to be briefly 
mentioned. A sensory end organ, according to Beenhaed, 
Geanit and Skoglund (1942), may be schematically describ- 
ed as consisting of two parts, a primary mechanism responding 
to the adequate stimulus and a secondary mechanism initiat- 
ing the discharge in the nerve. The latter they hold to be an 
electrical generator potential conducted electrotonically down 
the afferent nerve (Beenhaed 1942). 

In this particular case the gamma fibres may facilitate the dis- 
charge from the afferents either by attacking the primary mecha- 
nism or by contributing to the generator potential. In the former 
case it would have to be assumed that the impulses in the gam- 
ma fibres cause a minute increase of tension in the intrafusal 
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muscle fibres thereby sensitizing the receptor so that its threshold 
to stimulation by stretch is lowered. In the latter case the effer- 
ent potentials would act directly by depolarizing some critical 
region of the receptive path. There is nothing inherently improb- 
able in the latter view. It is only necessary to recall the mecha- 
nism of the bachresponse in order to understand how gamma fib- 
res could stimulate directly by way of a potential field in the in- 
trafusal fibres or in other elements of the muscle. The dependence 
of the response upon the state of tension of the muscle might 
then be e.v'plained by the different amount of steady potential 
which muscles are known to set up when passively stretched 
(Eixthoven and Rademaker, 1916, Bjurstedt and 
ScHJriTEKLOW, 1943). At the moment it is impossible to go 
beyond tliese general suggestions as to the mechanism of the ex- 
citatory effect of the gamma fibres. 

Selective stimulation of the gamma fibres, by utilizing their 
high threshold and by removing alpha impulses with the aid of 
a pressure or jiolarization block, has been used above in order to 
throw liglit upon the effects of gamma innen^ation on the muscle. 
As to the effect of the afferent response, elicited by the gamma 
fibres, on the reflex activity of the spinal cord nothing is known. 
It remains for future work to elucidate the part played by the 
gamma fibres in reflex posture and reflex movement. 

Tlie experiments described in this work do not support the 
view of Haggqvist (1938, 1939, 1940) that the group of 
small ventral root fibres maintain a »tonic> contraction by direct 
stimulation of muscle fibres. It has not been possible to demon- 
strate any definite contractile effect of the gamma fibres, despite 
the fact that motor alpha activity was removed by the methods 
described. In as much as reflex »tonus», as is well known since 
the work of Sherrington (1915) and Liddell and Sher- 
rington (1924, 1025 ), is principally based on the myotatic 
reflex, it is also interesting to note that the phasic component 
of this reflex recently has been shown to pass through the two- 
neuron arc of Renshaw (1940) and to be conducted in fast 
and large fibres (Lloyd, 1943). On the other hand, the fact 
that the gamma fibres are regulators of the afferent discharge 
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suggests tliut they ure of irnportsiice for the posturul reflexes, 
maintaining ^tonus^. If this effect is excitatory or inhibitory 
we do not know. 

Finally a few words might be added about the alleged sensory 
function by direct centripetal conduction of fibres in the motor 
roots (Shaw, 1924 , Foersteh, 1927 , Lehmann, 1936 , and 
others). The proofs are not convincing. The evidence is largely 
circumstantial and rests chiefly on the fact that pain sensations 
may remain after severance of the dorsal roots. In some cases the 
explanation may be that some strands of the dorsal root fila- 
ments still were intact. There are also observations by a number 
of authors (Meyer, 1921 , 1926 , Frolich and Meyer, 1922 , 
Davis and Pollock, 1930 ) which are contradictory to the view 
that the ventral root fibres hold true afferents. Foerster’s 
( 1927 ) observation that electrical stimulation of the thoracic 
ventral roots evokes painful sensations may be explained by 
spread of current or by Sherrington’s ( 1894 ) old observa- 
tion that recurrent fibres from the dorsal roots sometimes are 
found in the adjacent ventral roots. The possible occurrence of 
such recurrent fibres from the dorsal root ganglia (Foerster 
and Gagel, 1933 ) is without consequence for the present pro- 
blem. 

In a few cases of posterior root sections for painful osteo-arth- 
ritis of the hip I have, during operation, stimulated anterior 
lumbar roots with induction shocks, after application of a no- 
vocaine block below the stimulated region. No sensations were 
experienced by these patients, when stimuli were used of 
up to 20 times the value necessary for a threshold musclar con- 
traction, tested before application of the block. 

There is thus no valid reason to ascribe any direct afferent 
function to the gamma fibres. The afferent effects caused by the 
small ventral root fibres to skeletal muscle are indirect and due 
to their facilitatory influence on the proprioceptive sensory 
mechanism. 


76 



SUMMARY 


This work describes an electropliysiological analysis of the 
group of small ventral root fibres to skeletal muscle, carried out 
with cathode ray oscillograph, amplifier and a special torsion 
wire myograph operated on electrical principles. Chiefly cats, but 
also some frogs were used. 

The study is divided into two sections. Section I is devoted 
to an attempt to reproduce the wave of action that must 
correspond to the passage of a volley of impulses through the 
small fibres but which hitherto has not been found. Section II 
deals with the effect of excitation of the small fibres. 


Section L 

It was found possible to record the action potential of the 
small fibres in the ventral roots, sometimes also, though far 
less regularly, in a peripheral portion of the sciatic nerve. 

Relative to the conduction velocity of the coarse alpha fibres, 
taken as 100 m. p. s., the group of small fibres was found to have 
a conduction velocity of approximately 38 m. p. s., for the fastest 
fibres, down to approximately 20 m. p. s. for the slowest fibres. 
On the basis of this relative conduction rate the action poten- 
tial of the small fibres was called the efferent gamma wave. 

The stimulus threshold of the largest gamma fibres was found 
to be approximately 3.9 times that of the largest alpha fibres. 

A correlation between electrophysiological and histolo^cal 
data was established. 

It was further found possible to obtain selective gamma fibre 
activity by blocking the alpha fibres vdth the aid of pressure or 
polarization blocks, the action potential being used as an index 
of the degree of selectivity of the block. 
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Section II. 


Selective activation of the gamma fibres was used in this sec- 
tion for the study of the effects of gamma innervation. 

With fairly selective blocking of the alpha fibres and activa- 
tion of the gamma group the isometric contraction was found 
reduced to some 1 or 2 p. c. (10 — 20 gm) of its maximum 
value. Since this small contractile effect may have been caused 
by a few remaining alpha fibres, it is concluded that no definite 
motor function can be demonstrated for the gamma fibres. 

The gamma fibres, however, had a very definite effect on the 
afferent discharge from the muscle proprioceptors. Selective ac- 
tivation of the gamma fibres led to a considerable increase of 
the afferent discharge, provided that the muscle was subjected 
to a certain amount of stretch. In slack muscles this effect did 
not appear. 

It is concluded that the gamma fibres serve as regulators of 
sensory acti^dty originating in the muscle, and the mechanism of 
this effect is discussed. 
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INTRODUCTION 


Though the chemical composition of nucleic acids is now 
well known, we are still, in many respects, in the dark regard- 
ing their intramolecular bonds. Their chemical structure has 
been studied very extensively, but, as these investigations fall 
outside the scope of this work, it may suffice to refer the reader 
to Levene and Bass’ monography j. Nucleic Acidsj> (1931) and 
to the summaries compiled by Bredereck (1938), Guuland 
(1938) and Allen (1941), 

The characteristic features of the polynucleotides are best 
reflected by their physico-chemical properties, which have 
been studied with various methods, in many cases requiring 
a very special and highly developed technique. That dielectric 
studies of polynucleotides should not previously have been 
made seems rather remarkable, seeing that, for the determin- 
ation of dielectric constants at low frequencies, service- 
able methods, which might yield valuable results, have long 
existed. Much more, however, could be gained by studies made 
at different high frequencies, as it will then be possible to 
determine important physical constants and to secure other- 
wise unobtainable information regarding the electrical sym- 
metry and other properties of the substances. In regard to 
proteins, interesting results have been obtained by dielectric 
constant measurements at different frequencies within the ra- 
dio frequency range; thus it should also be possible, by studies 
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of the dielectric properties, to gain greater knowledge of the 
polynucleotides. For the purpose of the present study, the 
author has collected primary dielectric data in regard to poly- 
ribodesose nucleotides from the thymus, and polyribose nucle- 
otides from the pancreas. 

As regards polynucleotides in aqueous solution, the deter- 
mination of dielectric constants involves special difficulties, in 
view of their relatively high electric conductivity. The methods 
usually employed being found unsuitable for the purpose, the 
author adopted, instead, the so-called ellipsoid method, 
although it had proved to be effective chiefly at low frequencies. 
The ellipsoid method, however, was considered to be relatively 
simple in execution and measuring technique, and could be 
partly based on previous observations. For determinations at 
different frequencies within the radio frequency range which 
should be of particular interest in respect of polynucleotides, 
no method or apparatus had been elaborated for solutions with 
a high electric conductivity, although such an apparatus would 
be of the greatest value for many substances other than poly- 
nucleotides. As regards the ellipsoid method, extension of the 
range of frequency seemed possible, but was expected to meet 
with technical difficulties which would perhaps prove to be 
insurmountable. 

In planning this study, it was accordingly decided to begin 
by determinations of the dielectric constant at low frequencies, 
in order afterwards, if possible, to proceed to determinations 
at various radio frequencies. This plan was followed up, and 
the technique resulted in the production of an apparatus which 


6 



could be used for an electric conductivity of up to 3 • 10“^ 
ohni-^cm-^ in the testing solution, firstly at low frequencies 
and secondly at various radio frequencies within the interme- 
diate and long-wave ranges and, regards lower conductivities 
(at most 2 • 10“'* ohm"^cm~^), also for certain frequencies 
within the short-wave range. 

As regards the arrangement of the present woi'k. Part I gives 
a general review of the possibilities and theoretical bases of 
dielectric determinations. Part II contains an account of the 
method adopted, with special regard to possible sources of 
error and control of results. In Part III the results of the de- 
tenninations of polynucleotides are noted and are taken as a 
basis for certain conclusions. 



Table of tlie principal s:^Tnbols 


c concentration 
D 10-^^ e.s.u. (1 Debye) 
d density 

e base of Napier’s logarithm system 
F torque 

f frequency in c/s, kc/s or Mc/s (1 Mc/s = 10® kc/s = 
10® c/s) 

I increment 

k = 1.38 • lO"'^® ergs per degree, Boltzmann’s constant 
M molecular weight 
N = 6.023 • 10 ®® Avogadro’s number 
P polarization 
r refractive index 
T absolute temperature 
t time 

V electric field strength 

V specific volume 

e DC = dielectric constant 

£ at low frequency at infinite distance from the critical 
wave-length 

Ch £ at high frequency at infinite distance from the critical 
wave-length 

K specific electric conductivity 
?. wave-length 
P-c critical wave-length 
dipole moment 
T time of relaxation 
1 ] viscosity 

CO angular velocity = 2 • • f 

Wc critical angular velocity 
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PART I 

THEORY 




CHAPTER I 


Dielectric polarization 


Dielectric phenomena are now fairly generally known, as 
dielectric measurements have been adopted in widely different 
fields. The knowledge of dielectric conditions has played an 
important part also in clinical medicine, as it forms the basis 
for short-wave and ultrashort wave treatment (see Rajewsky, 
1938). As a rule, however, dielectric measurements are intend- 
ed for tire determination of dielectric constants (in the sequel 
abbreviated DC) and especially their variation with the 
frequency of the electromagnetic oscillatory motion. Although 
the determinations of these constants as regards physiological 
substances date chiefly from the last ten or fifteen years, they 
ha%'e already assumed a prominent place in biochemistry. 

A dielectric examination of the substances in aqueous 
solution (with which we are always concerned here) presents 
special difficulties both in theory and in practice. ARRHENIUS 
(1940), in connection with the publication of his studies on 
carbon monoxide hemoglobin, has thoroughly discussed these 
problems. For detailed particulars on the subject, the reader 
is therefore referred to his work. In the following merely a brief 
review of the fundamental concepts will be given. 

The dielectric constant for a substance may be defined as 
the ratio between the capacity of a condenser (1) when the 
condenser is filled with the substance in question and (2) when 
it is in a vacuum. It is also the ratio between the forces with 
which charged bodies attract one another (1) in a vacuum and 
(2) in the substance referred to. The attraction which a sub- 
stance can exercise in this way is based on 'polarization, that 
is, the molecules in an electromagnetic field produce a field 
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system adjusted to the direction of the outer field. In this 
way the capacity of the condenser increases, whilst the force 
of attraction between the charged bodies diminishes. Polariz- 
ation may take place within the entire electromagnetic spect- 
rum, including the optic range. According to Maxwell’s electro- 
magnetic theory of light, DC = the square of the ratio between 
the velocity of light in a vacuum and in the medium, i. e. 

( 1 ) 

where r is the index of refraction. This calculation applies only 
to an infinite wave-length, i.e. where the distance to the 
nearest absorption band is infinite. Practically speaking, how- 
ever, it would suffice to use long-wave light. In distinction 
from normal dispersion, where the index of refraction changes 
slowly, anomalous dispersion, in which the index of refraction 
undergoes marked changes, is produced by all substances 
within certain limited areas, as a rule within the ultraviolet 
and infra-red spectral ranges. As regards anomalous dispersion 
within the optic range, the connection between the refractive 
index and DC is illustrated by Ketteler-Helmholtz formula 


s d- 


C, 






+ 




+ 


( 2 ) 


where c denotes DC for the substance with the Hertz waves 
and Aj, /g . . . wave-lengths in the range of anomalous dis- 
persion. Cj, Co, Cg . . . are constants which are characteristic of 
the substance and in which the number of polarizable com- 
ponents is included. Thus for A = Aj, r will evidently be in- 
finitely great, but, owing to absorption, the rise of the index 
will be finite. 

A good idea of the way in which the dielectric constant is 
built up can be obtained by following the variation of DC with 
the frequency. Different anomalous dispersions are shown in 
Fig. 1. In area I, where the frequency is very high, correspond- 
ing to that of short-wave ultraviolet, DC passes through 
a minimum and a low maximum. The change is due to a 
shifting of the electron paths and entail the result that the 
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Fig. 1. Diagram of DC variation with the frequency. 

For the sake of j>erspicuity, the ranges of frequencj’^ and the changes in DC 
are indicated merely approximately. 


positive and negative centres of gravity no longer coincide, so 
that a dipole is produced. If the distance between the centres 
is I and the sum of the positive charges E (the sum of the ne- 
gative charges = — E) we obtain the dipole moment, p, accord- 
ing to 

11 = E 'I e.s.u. (3) 

The polarization — measured in electric moment per unit of 
volume — , thus produced is termed electronic polarization. At 
lower frequencies, but still vdthin the optic range (correspond- 
ing to area 11 in Fig. 1), DG undergoes similar changes with 
the frequency as before. The oscillations are now slower and, 
besides the electrons, the protons are also displaced. The 
distanee between the positive and negative centres of gravity 
is now increased, and thus also the dipole moment. This in- 
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crease in polarization is termed atomic 'polarization and occurs 
as a rule in the range of infra-red light. 

The said polarizations are produced under the action of an 
outer field and are therefore said to be induced. But molecules 
or molecule radicals, even in an electroneutral state, often have 
different negative and positive centres of gravity {permanent 
dipoles according to Debye. Owing to their larger mass, they 
cannot contribute to the polarization at the higher frequencies 
in area I and II. On the other hand, at a lower frequency they 
orient in the field, overcoming thermal agitation and friction 
to adjacent molecules, thus giving rise to polarization hy 
orientation (area III in Fig. 1). It occurs at different fre- 
quencies varying with the size of the mobile parts, as a rule 
between 10^- — 10^ c/s. Moreover, yet another form of polariz- 
ation occurs at boundary surfaces (area IV in Fig. 1). This 
boundary-surface polarization, though of importance in the 
study of biological tissues (heterogeneous media), has no bear- 
ing on the present study. 

By far the most important of the said polarizations, from 
the present point of view, is polarization by orientation. 
Within its wave-length range, about 3 cm — 30 000 m, several 
different dispersions can be found. The conditions in this 
respect for an aqueous solution of substances with a high 
molecular weight are shown schematically in Fig. 2. For water 
the anomalous dispersion lies at about lO’^” c/s, corresponding 
to a wave-length of about 0.03 metre (I). At longer wave- 
lengths, therefore, the water will not directly affect the determ- 
ination of the dispersions of substances with a higher mole- 
cular weight. Water has, however, a very marked polarization, 
which is liable to be modified by dissolved substances, etc. It 
cannot be taken for granted that dipoles dissolved in water 
will cause a rise of its DC. This is the fact only as regards sub- 
stances with large dipole moments. As for substances with 
small dipole moments, their increase in polarization may be 
completely counterbalanced by a fall in the polarization of the 
water. Also as regards substances in very dilute solutions, it 
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Fig. 2. Diagram oj DC variation with the jreqtiency jor aqueous 
solution of a high~mvleoular substance. 

The substance is assumed to increase the polarization of the water. For 
the sake of perspicuity, the dispersion ranges are widely separated and 

merely approximate. 


must be assumed that changes in DC are primarily due to a 
change in the polarization of the Avater. On the other hand, it 
is likely that a dipole Avith a high moment — besides its con- 
tribution to the polarization by the orientation of dipoles — , 
may decrease the association of the Avater, so that its polai*i- 
zation increases. Thus — though indirectly — the dipole mo- 
me.nt Avill nevertheless be a function of the DC of the AA^ater. 

The other dispersions indicated in Fig. 2 may be, for examp- 
le, polarization by orientation of a radical (II) or an entire 
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molecule (III). If a molecule has electric symmetry in two 
planes, however, it may give rise to two dispersions. This 
would give a similar curve, in which the dispersion within area 
II would be produced by the rotation of the molecule round 
its long axis and, at lower frequencies, round its short one (III) . 

That the dispersion takes place at different frequencies, is 
due to the fact that it takes more time for a dipole to orient 
itself in a field, the longer its axis. The time required by a 
dipole to make one revolution round its axis is termed the time 
of relaxation and stands in a certain ratio to the length of the 
dipole. In all dispersions the increase of DC with diminishing 
frequency has a typical and mathematically defined course, the 
so-called anomalous dispersion curve. Its middle-point corres- 
ponds to a frequency termed the critical frequency (or the cri- 
tical wave-length). By determining DC at different frequen- 
cies, this curve can be constructed and the corresponding ma- 
thematical function determined. From this the dipole moment 
and the time of relaxation can be computed, and an idea of 
the size of the rotating units can be obtained. This may be 
said to be the aim of dielectric studies of this nature. The 
theoretical difficulties involved in the calculations will be dis- 
cussed in the following chapter. 


16 



CHAPTER II 


Coiiiputatioii of dipole moiiient and 
time of relaxation 


Clausiiis-Mosotti’s relation for the molar polarization, Pt, 
reads 

where M is the molecular weight, r the index of refraction and 
d the specific weight. The molar polarization is a measure 
of the volume of the molecules in a substance and, according 
to iMosotti’s theory of- dielectrica, is a universal material con- 
stant for the substance, and independent of pressure, tempera- 
ture and state of aggregation. The molar polarization, how- 
ever, wdll be quite different for many substances according 
as it is computed from the refractive index or from DC with 
Hertz waves (from e =zr-), and shows distinct dependence on 
the temperature. An explanation of the deviations was given 
by Debye’s theory of the permanent dipole moment (see 
his monography j.Polare Molekeln:^, Leipzig 1929). According 
to Debye, the molar polarization, computed from the index 
of refraction, increases at long wave-lengths owing to the 
polarization by the orientation of permanent dipoles. The 
polarization at very long wave-lengths. Pi, will then be 

a -f- / 

where Po is the polarization of orientation and £i the dielectric 
constant measured. For the permanent dipole moment, fi, 
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Debye derived the following connection with Po 


Po = 


4 • 3t ‘ N p 

9>k’T'^ 


cm® (6) 


where N is Avogadro’s number, k Boltzmann’s constant and T 
the absolute temperature. 

From the equations (4), (5) and (6), the dipole moment for 
a homogeneous substance can be estimated if we know the 
molar polarization on both sides of, and far from, the critical 
wave-length. For a solution in a non-polar solvent, such as 
benzene, cyclohexane, etc., Lorenz-Lorentz’ summation for- 
mula can be used for determining the polarization by orient- 
ation of the substance. From this the dipole moment can then 
be calculated. According to the summation formula, the po- 
larization (P 12 ) for a mixture is composed of the molar polariz- 
ations of the component substances in proportion to their mole 
fractions, that is. 


P 12 = mj • Pj + TWj • P, cm® (7) 

where and in^ are mole fractions of substances with the 
molar polarizations P^ and Pp. For a dilute solution of 
a substance in a solvent with the polarization P,,, the polariz- 
ation, Pl, of the solution will be 


Pi — P^fbc'Ps cm® (8) 

where Pg is the polarization of the dissolved substance at the 
molar concentration c. For non-polar solvents, the polarization 
at frequencies corresponding to that of long-wave light and 
an electrostatic field is practically the same; but, as regards the 
solution of a substance with a permanent dipole moment a 
difference will arise owing to orientation polarization P 
It can then be shown that ’ 


c ■ Pso = 


Ml ^i—1 r® — 1 \ 

d\£i+2 r® -}- 2) 


cm® (9) 
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where for a solution with the molar concentration c, r is de- 
termined for long-wave light and £i at a frequency which is 
very low (really an electrostatic field) . 

From the formula (9) we obtain, with the use of equation (6) 


c • 


Pso ■ 


m 




which gives 

,« = 0.O128 • 10 ■ 


— 1 r- 

-1) 

i Tt'N 

-f 2 

-f2j 

9-fc-T 


is,- 

•1 r= — i\ 

V c-d ' 

-f 2 r“ -f 2/ 




e.s.u. (11 a) 


If the critical frequency corresponds to wave-lengths at a 
great distance from the optical range, instead of the refractive 
index, the dielectric constant at high frequencies, €hj can be 
determined and used. The dipole moment will then be 


U = 0.0128 • 10~^® 


V 


• 

!i 

1 


C'd \£i -f- 2 

^f, + 2l 


e.s.u. (lib) 


The computation of the dipole moment is based on several 
assumptions, more especially the validity of Clausius-Mosotti’s 
formula. In its derivation it is assumed that the molecules 
have a globular shape. One might then have expected that it 
would be devoid of general validity. Nevertheless it has been 
found to be applicable not only to gases and cubic crystals, 
but also to many dilute solutions in non-polar solvents. An 
inference from Clausius-Mosotti’s relation is that the sum- 
mation formula should be applicable, i. e. that as regards a 
solution, the polarization should increase proportionally to 
the concentration of the dissolved substance. This, however, 
is not invariably the case. A useful value can nevertheless often 
be obtained by extrapolating to infinite dilution, in which case 
the procedure indicated by Hedestband (1929) will be found 
valuable. 

In 'polar solvents, owing to the intense interaction between 
the molecules, Clausius-Mosotti’s relation is not applicable. 
The expression for the molar polarization in Debye’s for- 
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raula will therefore be incorrect and, as regards solvents in 
polar media, the formula mil not give dipole moments cor- 
responding with the estimated distance between the charges. 

Theoretical difficulties in computing the dipole moments 
for substances in polar solvents are set off by simple empirical 
relations. For solutions of substances in e. g. water, we often 
find, within an extended range of concentration, that 

T c • a ( 12 ) 


where eg is the DC of a solution in a medium with DC = %, 
c the molar concentration, and a is a constant characteristic 
of the substance. If DC increases with the concentration, the 
factor a is termed j> increments (in the sequal abbreviated I), 
otherwise s decrements. 

J. Wyman Je (1936), who has set up important empirical 
lelations in this respect, considers that a constant increment 
for different concentrations signifies that the Lorenz-Lorentz’ 
formula (7) is applicable. He states that the dipole moment 
can then be computed for solutions in polar media, and sets 
up an empirical formula for the molar polarization, P, 


ilf e -I- 1 
d g 


cm^ (13) 


where p is a constant which varies in value for different groups 
of substances. With the use of £i and a for such a solution, it 
will be found, similarly as before, that 

= 0.01 28 - 10-18 

Thus here too the computation is based on Debye’s formula 
and it is only the expression for the molar polarization that 
differs. On the basis of comparisons with a large number of 
substances, Wyman put g — 8 . 5 . In many cases the devi- 
ations were considerable, and he tried also the values 
6.2 and 11 . For amino-acids Oncley (1938) found g = 5.8 
Besides convincing experimental evidence, Wy'man’s views 
have received theoretical support from the theory advanced 
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b 3 ^ Onsager (1936). But, as Onsager’s calculations relate to 
spherical molecules, where the charges are supposed to be 
placed in the centre — which certainly does not apply to poly- 
nucleotides — , they will riot be summarized here. 

As Arrhenius (1940) has pointed out, Wyman’s polariz- 
ation formula must be regarded as a specific case of a general 
formula, with unknown functions, which ‘ are constant only 
within groups of very analogous substances. Within such a 
group, relative dipole moments computed from dilute aqueous 
solutions can be used, and it is of minor importance on what 
polarization formula the calculation is based. Practically 
speaking, it is only the absolute magnitude of the moments 
that is different. 

Summing up, it may be stated that there is no generally 
valid forrriula for polarization in aqueous solution. The em- 
pirical formula can be used only if some substance suitable as 
a basis of comparison is well known. For the computation of 
relative dipole moments, Debye’s formula is seviceable. 


In or-der to estimate the dipole moment, it will be necessary 
— as shown above (formula 11 b) — , to know the molar 
polarization of the solution at frequencies at a long distance 
above and below the critical frequency. This, however, pre- 
supposes a knowledge of DC at the frequencies in question. 
These DC values may either be directly determined, or else 
computed from the anomalous dispersion curve, if it can be 
experimentally determined. 

.The anomalous dispersion proceeds according to the function 


+ 


1 + 


^i±3 

'A + 2 


r o o 

D" ’ 


(15) 


where is DC at the angular velocity and m the time of 
relaxation according to Debye. The function contains three 
unknowns £), £h, and td, and is mathematically unwieldy. It 
is therefore advisable to write it under the formula 
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(16) 


I + 2\ 

■A + 2) ’ 


1 





and to determine ej, et and td by trying with assumed values 
of £1 and £h until the left member does not show any system- 
atic deviation at different frequencies. 

From the anomalous dispersion curve, the time of relax- 
ation is thus obtained, according to Debye. In this way 
the molecular weight of the unit rotating in the electric field 
can be computed. According to Debye, the time of relaxation 
is an expression of the resistance opposed by adjacent 
molecules, against the orientation of the dipole. Proceeding 
from Stoke’s calculations for the friction on the rotation of a 
ball in a medium with the viscosity r}, Debye derived for a 
globular molecule, with the radius a, an expression for the 
time of relaxation, td 


^ ^ ' 31 - ' 7 ] 

k’T 


sec. (17) 


From the equation (15), td is obtained by finding the central 
point of the curve (at the critical frequency wc), where 


Then 



1 gft + 2 
"c + 2 


sec. (18) 


For a spherical molecule with the radius a, the molecular 
weight, M, is 


V 3 


(19) 


where v is the specific volume and N Avogadro’s number. 
The equations (17) and (19) give 


V 3 ' 7] 


( 20 ) 


If the electric axes are different in two planes, the orient- 
ation in the electric field can be effected by rotation either 
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•Fig. 3. Perrin’s form factors for rotation ellipsoids 
(after Arrhenius). 

I'l for rotation round the short axis, h, 
for rotation round tlie long axis. a. 

round the long axis (a) or the short one (b). The found time 
of relaxation will be different in relation to td. On the rotation 
of the molecule round the short axis we obtain a different time 
of relaxation, Zi, than that computed according to Debye. Then 

Tj = . Tj, sec. (21 a) 

and on rotation round the long axis, correspondingly 

sec. (21 b) 

y’l and y'o are form factors indicated by Pekrin (1934). As 
shown in Fig. 3 (reproduced from Arrhenius’ work, 1940), 
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they vary for different axis rations in the molecule regarded as a 
rotation ellipsoid. Here it is of interest to note that for oblong 
rotation ellipsoids, with increasing asymmetry moves to- 
wards a limit value = Vs. and that the form factor 
is but little affected by minor variations in the axis ratio. For 
example, if b/a = Vs. deviation from = ^/s will be less 
than 10 %, and for b/a = Vio less than 3 %. Thus, for thread 
molecules rotating round the longer axis, the determination of 
the molecular weight is practically independent of changes in 
the form factor. The required formula for the determination 
of the molecular weight, with the use of the equations (20) 
and (21 b), will be 

V 3 -ij 3'V-'fj-(Oc -{■ 2 


If the critical wave-length Xc. is introduced, according to the 
formula Ac = ? (c = velocity of light = 3 • 10^*^cm sec."’), 

and v’o = ■’/y, we obtain for an aqeuous solution at 20° C. (T = 
= 20° + 273°, j? = 0.10, k ~ 1.38 • 10-w*, N ~ 6.02 * lO^^) 


N -k-T- Wo' Xq ^ gft-f 2 ^ K . . A . 2 

3- VI}- 2 71- c ^{ + 2 V ^1 + 2 


(23) 


It should be noted that Ac is then reckoned in cm. The mole- 
cular weight is thus determined from dielectric data (and the 
specific volume) . 


Although there are several methods for computations of 
molecular weights in high-molecular substances, determination 
by dielectric investigation is of special interest. It determines 
the molecular weight of the units which orient, independently 
of one another, in an electric field. Only if the molecule rotates 
in its entirety, will the molecular weight correspond to that 
computed with other methods. Dielectric studies thus happily 
serve to supplement other methods for the computation of 
molecular weights. 
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PART II 


METHOD 




CHAPTER III 


Tlie possibilities of determining anonialons 
dispersions of polynucleotides 
in aqueous solution 


For dielectric investigations, several different methods are 
available. Obviously, however, the technique and apparatus 
must be adapted to the special requirements involved in the 
nature of the problem. 

It was impossible to foresee the magnitude of the changes 
in the polarization of the water that would be entailed by the 
polynucleotides, or what concentrations would have to be 
examined. A comparison with proteins having high molar in- 
crements naturally suggested itself. They are usually examined 
in concentrations of a few grams per 100 ml, and then show an 
increase of a few units as compared with the DC of the water. 
Though it was presumed that the nucleic acids could be 
examined in considerably weaker solutions, the first essential, 
in viqw of the electreljiiic properties of those acids, was 
obviously that the method should permit a comparatively high 
electric conductivity. At a concentration of 0.5 g/100 ml, the 
specific conductivity for the sodium salt of polyribodesose 
nucleotide is about 4 • lO""* ohm~^cm~^ and for that of the 
polyribose nucleotide, at pH 6, about 7 • 10~^ ohm~^cm—^. For 
a comparison with mononucleotides that might be of interest 
in this connection, the requirements would be considerably 
higher. Thus, for the sodium salt of uridylic acid in a concen- 
tration of 0.5 100/ml, the specific conductivity at pH 7.3 is 
about 2.4 • 10“® ohm”’cm~^ 
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Under the above indicated conditions, the methods which 
come up for consideration may be arranged under the following 
groups; 

1) wave-length measuring methods, 

2) capacity measuring methods, and 

3) force methods. 

1. Wave-length measuring methods. 

Drude (1893) showed that it was possible to use standing 
waves of high-frequency oscillations, produced on I/echer wires. 
By computing the maxima and minima of the amplitude, the 
wave-length could be directly measured. DC is then obtained 
from the equation 

Sx 

A O 

Sfacuum ^-vacuum 

Though this method admits of relatively high electric con- 
ductivity, its exactitude diminishes as the conductivity in- 
creases, owing to gradual flattening of the amplitude maxi- 
ma. It has, however, been adopted by Draice, Pierce and 
Dow (1930), and it seems to be of value. It should be noted, 
however, that it can be used only at high frequencies. 

2. Capacity measuring methods. 

By comparing the capacity of a condenser filled with a sub- 
stance of known DC with its capacity when filled, with the 
testing solution, DC is obtained. The determination of the ca- 
pacity can be made either (1) with a suitably modified Wheat- 
stone’s bridge, or (2) by utilizing the principle of an alternat- 
ing-current resonance in a circuit to which the condenser is 
connected. 

The bridge method has great advantages. The losses in the 
condenser due to the testing solution can be largely eliminated, 
and the method can be used for fairly high conductivities 
e.g. Q ' lO-'^ ohm'^cm”^ in Arrhenius’ apparatus of 1940). 
The range of frequency is large. Though measurements at 
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wave-lengths under 100 m present great difficulties, successful 
attempts have been made to extend the range of measurements 
downwards (30 — iO m Cole and Cubtis 1937, 50 m 
Arkhenius 1944). Upwards, the wave-length range extends 
to 6 000 m and over. 

The second-mentioned group of capacity-measuring me- 
thods, which may be collectively termed resonance methods, 
are based on the determination of the resonance. They have 
been widely adopted for 72on-conductive solutions, for which 
purpose they are by far the most exact. But where the testing 
solution has a marked conductivity, the various applications 
of this principle are all marred by serious drawbacks. Firstly, 
there will be a considerable loss in precision, and secondly the 
resonance will shift in a way that eludes control. The error can 
be shown to be proportional to the square of the conductivity 
and the square of the wave-length. Several methods intended 
to allow for the electric conductivity by comparisons with so- 
lutions of strong electroljdes have been elaborated (Walden, 
Ulich and Werner 1925, Graffunder and W’^eber 1931, 
Williams and Elliot 1939, etc.). These efforts to extend 
the facilities for measurement have not been very successful. As 
regards measurements at different frequencies, such methods are 
serviceable only at wave-lengths of less than 400 metres. For 
a specific electric conductivity of 10—* ohm" *cm~*, Graff- 
UNDER and W^EBER (1931) had to make a correction of over 
10 per cent. 

3. Force methods. 

There are several different force methods, but, practically 
speaking, only two of them can be contemplated here, notably 
the electrometer and the ellipsoid methods. It should first be 
noted thot, at any rate in theory, these method are indepen- 
dent of electric conductivity, whence their use in electrically 
conductive solutions is limited merely by secondary effects 
due to heating. 
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The electrometer method. This method is based on the prin- 
ciple of an electrometer filled with a testing solution. It has 
been developed especially bj’’ Carman (1924 — 1929) and his 
associates. In the adopted by Carman, Young and Smith 
(1929), the moving system consists of two platinum plates with 
curved surfaces. The plates are interconnected and are sus- 
pended by a thin string. Each of them dips into a glass 
vessel udth similar, but fiimly fixed, plates. A control solution 
(water) is introduced into the one vessel, the testing solution 
into the other. The electrodes in each vessel are subject to 
different alternating voltages, which are varied until the at- 
tractive forces neutralize one another. The DC of the solutions 
will then be in inverse proportion to the squares of the volta- 
ges. In order to avoid polarization, an alternating current of 
500 c/s is used for the conductive testing solution, and a 
current of 50 c/s for the control solution. 

A moving system of the large required bulk, in conjunction 
with the considerable liquid resistance, evidently necessitates 
the use of high field strengths. Experience also shows that the 
difficulties entailed by the heating of the testing solution are 
very marked. Even if it was cooled, the application of the 
method was greatly restricted, and the results were shifting 
and uncertain. 

This method, however, has certain distinct advantages. By 
basing all measurements on comparison with a standard solu- 
tion, it can serve as a null method. In theory, it is completely 
independent of the frequency. The upward range of frequency 
seems to be limited only by difficulties of execution. 

Nernst (1896) has pointed out that the different flux of 
^he lines of force between electrodes with different DC invol- 
ves a theoretical error. In the above indicated execution of the 
method, however, this seems to be of minor importance, rela- 
tively to the incidental errors which actually occur. 

The ellipsoid method. This being the method adopted in the 
present study, its principle and execution in practice call for 
further explanation. As a more detailed account of it is given in 
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the following chapters, it need only be noted here that in this 
method one measures the torque exercised on a rotation ellip- 
soid of small dimensions in an electric field. This method has the 

outstanding merit that the moving system is lighter and the re- 
quired field strength considerably lower than in the electrome- 
ter method. As regards a metallic ellipsoid, the method is 
theoretically independent of the electric conductivity of the 
solution and the frequency (see Chapter IV). The results ob- 
tained in the application of the ellipsoid method are decidedly 
encouraging, especielly when it is used at low frequency, in 
which case solutions with a specific electric conductivity of 
more than 10~^ ohm~^cm~^ can be examined. 

The choice of method for this study of polynucleotides could 
be based only on theoretical considerations. One could not 
know how strong solutions would have to be used, nor how 
high a conductivity the method must permit. Nor was the 
range of the anomalous dispersion known, and in that regard 
there were widely different possibilities, as the times of relaxa- 
tion would vary considerably according to the way in which 
the polynucleotides rotated, i. e., whether the entire molecule 
took part in the polarization or, for example, isolated mono- 
nucleotides. For a thread-like molecule rotating as at unit in an 
alternating-current field and having a molecular weight of 
200 000 (as found for sodium thymo-nucleinate in dilute so- 
lution), the dispersion may be estimated to fall mainly between 
100 and 3 000 m. If, on the other hand, the rotating units were 
very minute (e. g. mononucleotides), the dispersions might 
occur at a wave-length of a metre or so. 

The previously elaborated method that covers the major part 
of this wave-length range is the bridge method. But, as it did 
not permit measurements at a higher specific electric conduc- 
tivity than at most 10”^ ohm-^cm-b it could not a priori be 
regarded as satisfactory. 

The methods which admit of sufficiently high conductivity 
are, as shown above, firstly the wave-length measuring and 
certain resonance methods, and secondly the force methods. 
The wave-length measuring and resonance methods, however, 
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can be used only within a narrow range with very short wave- 
lengths, which, as regards high-molecular substances, is prima 
jade scarcely desirable. 

With a view to a suitable wave-length range, it seemed that 
onlj’’ the jorce methods could be seriously contemplated. The 
choice between the electrometer and the ellipsoid methods was 
determined by practical considerations, and the ellipsoid me- 
thod was found to be distinctly preferable. The results of this 
investigation, however, show that, in view of the immensely 
high increments shown by the polynucleotides, also other me- 
thods may be adopted. Despite the extended range of mea- 
surement given to the ellipsoid method in its new form, the 
question of the choice of method for the study of polynucleo- 
tides at the highest frequencies still remains to be settled. In 
short, a complete dielectric study of polynucleotides cannot be 
made with a single method. 
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CHAPTER IV 


Principle and theory of the 
ellipsoid method 


An asymmetrical body in a dielectric with negligible conduc- 
tivity is polarized under the action of an electric field and 
strives to adjust itself in the field direction. Mathematical 
computation of the torque when the body has the form of a 
rotation ellipsoid in a non-conductive medium was made at an 
early date and forms part of the classical electromagnetic 
theory. But where the electrical conducti\dty is not negligible, 
the conditions become more complicated. The introduction of 
the ellipsoid method by Fueth (1924) must therefore be re- 
garded as a great advance. 

Furth found the following relations: Let it be supposed 
that a rotation ellipsoid vdth the specific electric conductivity 
7<oi and having the axis of rotation of the length a and the 
other axis of the length h, is suspended by a thin wire in a me- 
dium with the electric conductivity % and with DC = s, so 
that the axis of rotation is horizontal. In a homogeneous elec- 
tric field (field strength V), where the lines of force run hori- 
zontally, forming a angle a with the axis of rotation, the ellips- 
oid will then be given a torque, F. According to the relative 
size of the axes, we then obtain the following cases: 


If a is )> b, then 


F=£-r 


105 


3— —4 

K 

J ^+1 

% 


j 
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sin 2 a (24 a) 
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If a is « b, then 


i?=_£.F2. 


2 6" 
105 a 


3 + 4-i^ . 

sin 2 a 

Kq 4 7t'a 

K 2^ j b 

K 


(24 b) 


The torque evidently has a maximum for sin 2 a = 1. Thus, 
on measuring the torque, the axis of rotation should form an 
angle of 45° to the outer field. 

For an ellipsoid of platinum («o~ 10^ ohm-^cm”") in a 

dilute electrolyte solution, where — is large, the formulae are 
simplified. 


For a » b, we obtain 

F = £ • F* • • Ta — ^ - ' siu 2 a = Cj • F“ • £ • siu 2 a (25a) 

lUu Of a 

b 

— • e 
a 

and for a « b 

F= — £ • F^ • • ^ • sin 2 a = Co • F^ • £ • sin 2 a (25b) 

105 a TV - a ~ ^ ^ 

b 

where C^ and are constants dependent on the material and 
dimensions of the ellipsoid. "WTien the angle of torque, P, for a 
wire of a certain material, and of a certain length and thick- 
ness is proportional to F, we obtain for small angles 


and thus 


^=Cs-e-P 

Px _ Sx 
j?s £* 


(26) 

(27) 


where the indices x and s relate to the testing solution and 
the standard solution {e.g. water), respectively. 
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The relation between the deflexion and DC applies, strictly 
speaking, only to rotation ellipsoids. Deviations from the ellip- 
soid shape render this relation dependent, inter alia, on the DC 
{wliich is not known) of the ellipsoid material. In Fueth’s de- 
rivation of the formulae (24), all the terms in which the DC 
of the ellipsoid material was involved were ruled out, for rea- 
sons of symmetry. Fueth pointed out that the ellipsoid 
is the only geometrical body which — owing to its having a 
homogenous internal electric field — , has this property. His 
disciple HolIjANDEE (1930) studied the conditions for a ring 
with circular cross section and found that, as regards certain 
dimensions, a simple relation for the torque could be obtained, 
in whicli, however, the DC of tlie ring material was included. 
The constant, however, could be determined in that way, 

CoHK (1931) contended that the simple formula (26), 
might be applicable irrespective of the ellipsoid shape. This 
supposition, however, seems to be valid only where the ellip- 
soid has a stationary position. 

When the deflexion is proportional to the square of the field 
strength, it is independent of the direction of the current, and 
alteniating voltage can be employed. In that case the effective 
value can be used for V. Fueth considered that almost any fre- 
quenej'- could be taken, the range of frequency being limited 
only by the requirement of a »quasi-stationary fields, i.e. 
a wave-length which is long relatively to the ellipsoid. The 
frequency, however, must be so high that galvanic polarization 
is a%mided, 

Bjoenstahl (1941), in a critical study of the ellipsoid me- 
thod theory, pointed out that it was incorrect to infer from 
Fueth’s formulae that the method was independent of the 
frequency. Taking the frequency into account, he made general 
computations for the torque and found the following relations; 

\co[(a' + A)(a! — — + 

■ [(a' + A)(a!+B)- {b'r\^ + ( h'F (2 a' + A + /^J^-"*"'2y(28) 
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where 


, h(Uo — 7{) ' 16 • + £ • CO" (Sq gj 

^ — 7i:j“ • 16 • jr + <y“ • ff'o 


b' = 


4-jr-co-[e(j<o — ‘>0 — (^0 — '^>^3 


and 


(7{q — k)“ • 16 • jr" + w“ • ffo — 


(e') 


, V 1 - (e')’ 

1 ' ' -arc sin e 


'] if a 


<b 


B = 


1 — A 


y — the angle between long axis of the ellipsoid and the lines 
of force of the field 
io = DC of the ellipsoid material 

e' — excentricity of the ellipse which, by rotation, gives the 
ellipsoid 

V — the volume of the ellipsoid 

Vq= the peak value of the alternating voltage 

The formula is rather cumbrous, but, if — is small (as in 
metallic ellipsoid material), a' and 6' ~ 0. 

Bjornstahl thus obtained 


„ TV”-^^ A — B. 

F = .52,71 2y (29) 

of which 

F — Ci' Fo" 'S' sin 2y (30) 

i. e. practically the same relation as that found by Fueth, 
though the constant is not the same. But, as these formulae 
are used only for comparative measurements, this is of no 
significance. 

As a general formula for the torsional moment, we use in 
practice (c/, equations 25, 26 and 30) 

F=C'S'r^ 
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CHAPTER V 


Sources of error in the ellipsoid iiietliod 


I he first studies with the ellipsoid method were made by 
PuRTli (1924). It was soon found, however, that the execution 
of this method was marred by certain errors which tended to 
vitiate the results. In course of time additional sources of error, 
for which allowance had to be made, manifested themselves 
(see especially Ortibunn, 1931, Shutt, 1934, Fischer and 
SciiAFFELD, 193G). 

Certain investigators who viewed the ellipsoid method with 
misgivings have alleged that its results do not tally with those 
obtained with other methods. These discrepancies, however, 
have subsequently been adjusted by investigations with im- 
proved a])paratus (as regards glycine and urea, see Dunning 
and Shutt, 1938). 

As methodical errors in DC determinations often elude ob- 
servation, special attention should be given to any possibility 
of such errors. In the following, certain sources of error in the 
method, as well as special difficulties in connection with its 
use within the high frequency range, will be briefly discussed. 

A. Galvanic polarization. 

In the experiments made by Furth, he used nickel as a 
material for the ellipsoid and electrodes. Nickel, however, is 
very liable to entail galvanic polarization (Jones and Chris- 
tian, 1935) and, as he also used alternating current with a 
low number of cycles (50 c/s), the errors were of considerable 
magnitude. For some time, the question as to how to avoid 
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polarization dominated research with the ellipsoid method, and 
several expedients were tried. 

Furth’s disciple Pechhold (1927), for example, intro- 
duced platinizing. He too, however, used alternating current 
with 50 c/s. For this reason, the validity of his results was 
questioned by Zahn (1927), who showed that, with such 
procedure, polarization voltages were bound to occur. Mi- 
LiCKA and Slama (1931), however, on controlling Pechhold’s 
results with his original apparatus, found, within the normal 
errors of measurements, no de\dation when higher frequencies 
(from 277 c/s to 2 212 c/s) were applied. 

OrthjMAJSTN' (1931) employed ellipsoids and electrodes of 
silver and examined only silver solutions, in which he presum- 
ed that the polarization was low, though he reckoned with the 
possibility that it might have a certain effect. In view of later 
studies of polarization, however, it seems as if Orthmann had 
underestimated its importance. 

Jones and Christian (1935), in studies on galvanic po- 
larization, obtained results which cast a clear light on the 
problem now under discussion. They measured the resistance 
and capacity in an electrode vessel where the distance between 
the electrodes and the electrode material could be varied. 
Polarization was found to be a minor additional resistance, 
which could be determined by varying the distance between 
the electrodes and extrapolating to zero distance, where the 
resistance exactly corresponded to the polarization. They 
found that Warburg’s rule AR'f^ = constant applied to ex- 
amined solutions between 500 and 4 000 c/s. Some of their 
results are reproduced in the following Table 1. 

The table strikingly shows how extremely unsuitable nickel 
is as an ellipsoid material. It will be seen that silver, even in 
relatively strong solutions of silver nitrate, entails a distinct 
polarization, which, therefore, may be presumed to have 
occurred in Orthmann’s determinations. It should also be 

^ ^R denotes the increased resistance produced by the polarization, and f the 
frequency in c/s. 
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Table 1. 

Polarization resistance l^R for different electrode materials and 
electrolyte solutions at different frequencies, 
according to Jones and Christian. 


Electrode 

Electrolyte 

Frequency cycles per second 


Normality 

500 

1000 

j 2000 

3000 

4000 



aTJ ^1. « 








Ag 

0.1 AgNOs 

21.10 

14.57 


8.06 

7.39 

Ag 

O.Ol AgNOs 

23.5 

19.0 

11.9 

9.7 

8.4 

Ag 

0.02 KNO 3 

57.2 

38.0 

26.1 

21.6 

19.0 

Ag 

O.Ol KI 

16.9 

10.6 

7.4 

6.2 

5.8 

Ni 

O.Ol Ni(N03)j 

491 

326 


184 

163 

Ni 

O.Ol KNO 3 

398 

273 

192 

158 

139 

Ft 

(smooth) 

0.015KC1 

63. C 

40.2 

27.6 

23.8 

21.5 

Ft 

(smooth) 

O.Ol KCl 

57.7 

37.2 

25.9 

22.0 

20.7 

Ft 

(platinized) 

O.Ol KCl 

1.29 

0.84 

0.67 

0.57 

0.47 


noted that polarization manifests itself, even at rather high fre- 
quencies, if smooth ellipsoids are employed, LiN (1936), like 
Fischer and Schaffeld (1936), dispensed with platinizing 
and, instead, increased the frequency. Oncley (1938), even 
in the use of the bridge method, made large corrections to 
allow for polarization. 

Ijn view of the sensitiveness of the ellipsoid method to gal- 
vanic polarization, due regard should be paid to the errors 
which this may involve, even at the higher frequencies. If, 
after platinizing, the metal is heated to a red glow, a raw sur- 
face, the so-called :!>gray platinizingj> will be produced. 
Whetham (1900) points out that, whilst it conduces, in some 
measure, to prevent polarization, it has considerably less 
adsorptive power than platinum black. 

As the use of platinum black (for the reasons stated in the 
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following section B) should be avoided, and as frequencies of 
100 kc/s were to be used, I tried gray platinizing. As no de- 
pendence on the frequency could be observed, and as gray 
platinizing was found to be durable and entailed no noticeable 
drawbacks, I used it throughout at radio frequencies, though 
without making any special study of its efficacy. 


B. Adsorption. 

The use of platinum black, on the other hand, entails many 
drawbacks. That its conductivity (10^ ohm“^cm“^) is lower 
than that of pure platinum (10^ ohm~^cm~^) seems to be 
of small consequence, but its power of adsorption is a source 
of annoyance. In weak solutions of electrolytes this effect is 
very marked, with the result that the concentration in the 
solution shows considerable variations. Lederer (published 
by Lin, 1936) found that quite different concentration curves 
might be obtained according to the order in which the different 
concentrations were examined. As regards markedly surface- 
active substances, such as the proteins, the adsorption is bound 
to be still more pronounced and may be expected to have a 
very disturbing effect. Shutt (1934) examined egg albumin 
with the use of a well platinized ellipsoid. As egg albumin is 
liable to be denatured at the surface, we must reckon with 
the probability that the ellipsoid will be covered with a coatina 
of that substance. This will tend to modify the electrical 
perties of the ellipsoid and thus to affect the results SlTOTT 
moreover used very low frequencies, 100 — 200 c/s At h' h 
frequencies, the recurrent error due to a coating of albumin 
or other surface-active substances should be reduced by a c 
denser effect. With the use of gray platinizing, the author^h^' 
found the same water value for nucleotides before and f ^ 
measurement. The conductivity of highly diluted solution 
potassium chloride (O.OOl — O.oos molarity) does not oh 
when the solutions are kept in a vessel ndth gray platinizpa i 
trodes. This indicates that, at the higher frequencies, the a" 
sorption does not entail any appreciable significant error 
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C. Tlie moving system. 

In order that the formula (31) on p. 36 shall be strictly 
applicable, the shape of the ellipsoid must be perfectly true. 
In practice, of course, this is unattainable. At the beginning 
of this investigation, great trouble, however, was taken to 
obtain the best possible ellipsoid shape, and special tests were 
made to study the effect of marked deviations from the ideal 
form. In these tests, an indirect reading method was adopted. 
It is based on the principle of compensating the deflexion of 
the ellipsoid in the electric field by turning the point of attach- 
ment of the suspended thread. Instead of an ellipsoid, a dumb- 
bell-shaped bod^' may then be employed (Orthmann, 1931; 
c/. also Cohn, 1931). As the direct and indirect reading me- 
thods gave the same results, and as the deflexion was strictly 
proportional to the square of the voltage (see Ch. VIII, p. 64), 
author was forced to the conclusion that, in direct reading, 
the practically inevitable deviations from the ellipsoid shape 
arc of no significance. The use of oblate ellipsoids with high 
eccentricity, as in the present study, may conduce to' improve 
the results. 

In view of the inevitable fluctuations in voltage, the direct 
reading method involves practical advantages, and has there- 
fore been mostly emplo.yed. 

The sensitive systems used in the ellipsoid method may be 
affected even by weak surfacetension forces. The disturbing 
effect may be reduced if the surface-tension has a minute 
point of application. Shutt (1934) passed only the thin sus- 
pension thread through the surface of the liquid. The author, 
however, found it necessary to immerse the entire moving 
system in the liquid. 

D. Heat convections and mechanical disturbances. 

As the sensitivity of the moving system must be high in 
order to enable the very weak torques to be measured, trans- 
mission of heat by the current in the solution is liable to have 
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E disturbing effect. Owing to tberniEl' disturbsnees, Pechhold 
(1927) was unable to take measurements at a higher electric 
conductivity than at most 2 • lO'® ohm-^cm-^ In order to 
avoid errors due to convection currents and to extend the 
range of measurement to still higher conductivities, ORTHMAJsnsr 
(1931) introduced a ballistic method. He sent a current shock 
through the electrode vessel and then measured the maximum 
deflexion made by the ellipsoid owing to the impulse. The 
ballistic method, however, involves certain difficulties. Orth- 
MANN made comparisons with an »air electrometers’ construct- 
ed similarly as the ellipsoid apparatus and with an equally 
ballistic sensitivity. He found that, for different voltages and 
different durations of the current shock, there was a strict 
proportionality between the impulse and the maximum deflex- 
ion. This, however, is only the case if the time during which the 
voltage is applied is short relatively to the time of the maxi- 
mum deflexion, as in Orthmann’s determinations (about 0.2 
seconds for making the connection, and 4.5 seconds pending 
the maximum deflexion). Lin (1936), on the other hand, used 
a relatively long connecting time (about two-thirds of the time 
for the maximum deflexion), which is bound to entail a me- 
thodical error. Tor solutions of polyribodesose nucleotides, in 
view of their viscosity, the ballistic method is not applicable. 
Nor was it adopted for other nucleotides, as it was found 
possible to take measurements at conductivities of about 
3 ' 10~® ohm~^cm“^, without ballistic readings. For strong 
inorganic electrolytes, however, it seems to be preferable. 

According to the author s experience, the distance between 
the electrodes must be at least thr^ times as long as the 
ellipsoid in order to avoid the disturbing effects of local con- 
vections. Moreover the field strengths applied were low (down 
to about 1 volt cm~^, but as a rule 3 — i volt cm-^) . 

An electromagnetic wave motion at an electrode surface 
gives rise to a mechanical wave (Bjornstahl and Snell- 
JIAN, 1937). As the ellipsoid is extremely sensitive to mecha- 
nical stresses and tmids to adjust itself with its axis of rotation 
at right angles to the wave front, this might be expected to 
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entail the result that the deflexions would be unduly small. 
But, as shown by control measurements (see Ch. VIII), this is 
not actually the case, at any rate as regards glycine and urea. 
At the low field strengths adopted here, such a wave motion is 
doubtless of very small intensity and does not seem to be of 
any consequence in practice. 


E. Voltage variations and distortion. 

For lower frequencies, alternating current generators with 
100 — 500 c/s, and for higher frequencies electron tube oscilla- 
tors, have been employed. It is difficult to obtain an alternat- 
ing voltage with entirely constant amplitudes, especially at 
high frequencies. Precision in DC determinations with force 
methods, however, is greatly dependent on the accuracy of the 
voltage measurement. From the equation 


we obtain 


F=C'-c-F“. 

/(5e/_„/(5F/ 
e ^ F 


(31) 

(32) 


An error of Viooo voltage, which must be considered to 

be very low, gives for water (DC ~ 80) an incidental error 
of about 0.16. The accuracy of the individual measurements 
will therefore be greatly affected by the error in voltage 
measurement. As the deflexion of the ellipsoid is damped, rapid 
changes (within a few tenths of a second) would be of manor 
significance. Voltage measurements should nevertheless be 
made with a comparatively slow instrument. 

In the use of high-frequency alternating current, several 
other difficulties are encountered. With high-frequency gene- 
rators a satisfactory sine wave in the alternating current, 
especially at high effects, is not easily obtained. Deviation from 
the sine-wave form is explained by the occurrence of har- 
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Bionics. Owing to this so-called »distortion», we obtain, in- 
stead of 

V — T^o ■ 

the following relation: 

V = Vi - sin cot + Fo • sin 2cot->r Fg • sm ‘Scot + 

where Vq, Vj, Vo and so on are maximum voltages. 

This distortion may have disturbing effects in several ways. 
Firstly, the inevitable losses through inductance and capacit- 
ance will become relatively greater as regards the higher fre- 
quencies, and secondly in the vicinity of an anomalous dis- 
persion range, the higher frequencies may fall within another 
part of that range. The angle of deflexion, fi, will then be 

P = C (ci- Vi • sin~ cot -f Co • Fo^ • sin^ '2cot ) 

instead of 

= C • e (Fi'- • sin^ cot + Fo" • sin 2 cot + ) 

where £i, £o and so on are DC at different frequencies. Finally, 
the voltage measurement may be erroneous if a peak voltage 
meter is employed. 

The effects of distortion, however, are of minor importance 
for low frequencies. Obthmai^n (1931) used two quite differ- 
ent forms of the ellipsoid method and compared the results 
when the one electrode vessel was filled with a control solution. 
Such a procedure serves, in marked degree, to compensate the 
variation in voltage and the distortion, but it is difficult to 
apply it at high frequencies. 

In order to determine the voltage, the author tested differ- 
ent types of electron tube volt meters and thermocouples. As 
a thermocouple requires a series resistance by which the device 
would be made dependent on the frequency, an electron tube 
volt meter might seem to be preferable. This instrument, how- 
ever, does not permit of an equally high degree of stability and 
precision. As the principal measuring instrument, I therefore 
used a thermocouple and, at frequencies over 2 Mc/s controll- 
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ed the dependence on the frequency with an electron tube 
volt meter. Between 100 kc/s and 2 Mc/s the electromotive 
force of the thermocouple closely followed the deflexion of the 
ellipsoid, whereas the electron tube volt meter showed some 
deviation. This — like the minor changes in the water value 
(see Ch. VIIl) which were found at different frequencies — , 
was due to distortion, Avhich, despite careful trimming, could 
not be avoided. Filters Avere tried, but it Avas found that a more 
practical procedure Avas to calibrate the apparatus for each 
frequency. At the highest constant frequencies it Avas easier to 
avoid distortion, and the difference in the Avater values could 
then be attributed solel}'^ to the dependence of the thermo- 
couple and its series resistance on the frequency. 


F. Effect of the heterogeneity of the 
alternating field. 

One of the essential conditions for the maintenance of a 
simple relation betAA^een the deflexion of the ellipsoid and the 
DC of the solution is that the metallic ellipsoid should be 
placed in a homogeneous electric field AA'here the lines of force 
Avould other AAUse haA’e run parallel. In practice, hoAveA’^er, it is 
difficult to produce such a field, as it requires relati\'^ely large 
electrodes in proportion to the distance betAveen them. The 
author, like his predecessors, has taken a middle course, ad- 
justing the size of the electrodes and the distance betAA^een 
them AA'here it AA^as uncertain AAdiether the ellipsoid AA^as in a 
homogeneous field. As the deflexion of the ellipsoid is also pro- 
portional to the square of the field strength, the effect of 
heterogeneity in the field AAmuld become still more marked. 

For these reasons, a careful examination of the homogeneity 
of the alternating field seemed to be required. With the use of 
circular electrodes 6 cm in diameter and Avith a distance of 
2.5 cm betAveen them (i. e. the same dimensions and distance 
as in Shutt’s experiments), the same deflexion Avas found even 
AA^'here the ellipsoid had been shifted up to % cm laterally or 
A^ertically. On the other hand, displacement of either electrode 
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towards the other would have more serious consequences, 
whence a deviation of the ellipsoid from the midway position 
by more than a few millimetres could not be permitted. In this 
central position no appreciable effect of the heterogeneity of 
the field could be observed. Nor was this the case with 5 cm 
electrodes, which accordingly were also employed. 

In the use of radio frequencies, inevitable leakages occur to 
water baths, adjacent metallic objects, etc. These leakages are 
apt to be (Afferent for the leads to the two electrodes, and 
may vary in a way which seems to elude control. In the 
previous models of the apparatus used by the author, largish 
metallic objects in the vicinity were avoided, and the leads 
to the electrode vessel were made as short as possible. These 
precautions proved to be somewhat exaggerated and of minor 
importance. However, in order, as far as possible, to prevent 
the effect of such leakages in the field between the electrodes, 
the apparatus should be built as S5unmetrically as possible. 

In order to obtain constant voltages at very high fre- 
quencies, it is essential that the outer circuit at some place 
should be securely earthed. Lin (1936), who used the ellipsoid 
method at a fixed frequency of 250 kc/s, had the one electrode 
earthed. In that case, however, the field strength in the elec- 
trode vessel, owing to leakages to the environment, will di- 
minish according to the distance to the earthed electrode. As 
the leakages are of minor importance where the conductivity 
of the testing solution is high, the method will be to some ex- 
tent dependent on the conductivity. For this reason, the po- 
tential of the ellipsoid should, instead, be kept as near earth 
as possible. 

The apparatus used by the author, however, has proved to 
be so symmetrically built that, at frequencies up to about 
1 Mc/s, symmetrical earthing, though it was actually used, 
would have been unnecessary. At still higher frequencies, how- 
ever, the difficulties rapidly increased, and it was by no means 
easy to keep the electrode potential to earth constant and 
equal. Even with the aid of symmetrical earthing of the output 
transformer of the oscillator as well as of the electrodes, it was 
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not possible at 5.8 Mc/s and 12 Mc/s to obtain a secure and 
effective sjunmetrical earthing. A combination of symmetrical 
earthing and variable capacitive charging of the one lead 
therefore had to be, resorted to. Also here, however, the earth- 
ing was found to consume such a large effect that the possi- 
bilities of measurement in electrically conductive solutions 
were limited. 
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CHAPTER VI 


The Apparatus 


During tlic course of the work the author s apparatus was 
several times rebuilt, in connection with attempts to extend 
the range of measurement to higher frequencies and to increase 
its precision. The first measurements were made at low fre- 
quencies (2 kc/s, 4 kc/s and 6 kc/s), but chiefly on standard 
substances. The preliminary results being encouraging, the 
possibilities of proceeding to the use of high frequency were 
examined. The difficulties then encountered related mainly to 
the high-frequency source, which, as regards a force method, 
must satisfy exacting requirements. An ideal oscillator should 
produce a large effect at a low output impedance, and yet give 
an output voltage with small distortion. And the frequency 
should be continuously variable within an extensive range. 
Moreover, in order to facilitate measurement, the frequency 
and the voltage should be practically free from fluctuations 
and independent of the load. 

The first serviceable model of the apparatus was built for 
frequencies between approximately 100 kc/s and 1 Mc/s. It 
was found that the unavoidable fluctuations in the output 
voltage could be neutralized by a special technique. A number 
of determinations were made with it on polynucleotides and 
showed that it was very desirable to have facilities for the use 
of still higher frequencies. But, when the continuously variable 
frequency range was extended to 2 Mc/s, great difficulties were 
encountered owing to high-frequency losses. In order to proceed 
to still higher frequencies, it seemed evident that the further use 
of continuously variable frequency would have to be abandon- 
ed. A minor oscillator with three fixed frequencies (2.9 Mc/s, 
5.8 Mc/s and 12 Mc/s) was accordingly built for this special 
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purpose. The difficulties which arose as the frequency increased 
were, however, greater than had been foreseen. 

As the different models had given, vithin normal errors of 
measurement, practically the same results in standard solu- 
tions, I shall confine myself here to a description of the latest 
model of the apparatus. It consists of (1) an electrode vessel, 
vuth electrodes between which a moving system — the 
ellipsoid — , is suspended, (2) high-frequency sources (oscil- 
lators) and (3) instruments for the measurement of voltage 
and frequency. 

A. General arrangement of the apparatus. 

The mechanically sensitive parts of the measuring apparatus 
are mounted on a cement pillar (see Fig. 4). It is 1.5 m in 



Fig. 4. General vieio of the arrangement of the ajjparatus in 
connection with the moving system. 
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Fig. 5. Reading device and oscillators. 


On Uie table we see from the left, the rectifier for the larger oscillator, the electron 
tube volt meter, and the variable oscillator. In front of the instruments the reading 
scale, one metre in length, is placed. On the shelf we see from the left tlie rectifier 
of tlie short-wave oscillator and the short-wave oscillator itself (with hood removed). 
Under tlie shelf to the right a voltage stabilization unit is placed. On the shelf 
above the table we see a wireless receiving set for frequency measurement. 


height and has a ledge for the water bath and the electrode 
vessel at a level of 0.9 m. The pillar is made in three sections 
and stands on a cement base firmly embedded in the founda- 
tions. Between the sections lie sheets of pressed cork, 1 cm in 
thickness. Though the mechanical stability is quite satis- 
factory, slight disturbances are sometimes indicated by the 
drifting of the zero position. 

During the measurements, the apparatus can be completely 
operated from the other part of the room, where a scale for 
reading the deflexion of the ellipsoid, oscillators and various 
instruments are placed (see Fig. 5). This arrangement makes 
the apparatus more accessible and easier to operate than in 
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Fig. 6. View of the ellipsoid suspension system and the placing 

of the electrode vessel. 

In the water bath we see the electrode vessel, which is fixed to the vertically 
movable cylinder. On the lid of the electrode vessel the thermocouple is obsen'able 
to tile left. Furthest to the left the motor of the stirrer and the 
illuminating lamp are discerned. 


the previous models, where it had been reduced to a smaller 
compass in order to obtain short leads. 

For the prevention of marked temperature variations which 
might affect the precision of the measuring instruments, there 
is a regulating device which keeps the room temperature at 
20° C. ± 0 . 5 °. 

B. Suspension device for the moving system. 

Above the water bath there is a precision screw with a 
vertical axis, by which the moving system is suspended (see 
Fig. 6). The screw is of very stable construction and so de- 
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signed that the vertically placed axis can be turned by a worm 
with a horizontal axis. Wheels graduated to a scale of 1/100 
and 1/10 000 rev., respectively, are fitted on the axes. The 
vertical axis is threaded at the top with a low pitch and, when 
detached from the Avorm, can be screwed up and down, which 
greatly facilitates replacement of the electrode vessel, the 
suspension of a new moving system, etc. 


C. The moving system. 

Apart from some preliminary attempts, oblate ellipsoids of 
platinum have always been employed. Different methods for 
the production of the ellipsoids were tested. It was found that 
the simplest procedure which could be adopted, without 
sacrificing precision, was to turn them in a lathe. A circular 
platinum plate is cemented on to a round brass rod of the same 
diameter. The rod is turned in the lathe and, with fine files 
and emery cloth, the edge of the platinum sheet is rounded 
off, to the pattern of a drawn ellipse. lYhen the shape approx- 
imately tallies, the platinum sheet is reversed, carefully centred 
and ground on the other side. As a rule a good ellipsoid is 
obtained after reversing the platinum sheet three or four 
times. After platinizing, the ellipsoid is heated to a faint red 
glow, and then assumes a dull gray metallic hue. 

The short axis of the ellipsoid was O.l or 0.2 mm in length 
and, for testing purposes, the length of the long axis was 
varied between 4 and 10 ram. As a rule, however, the length 
of the long axns Avas 6—7 mm and the axis ratio 1/60 — 1/70. 

To the ellipsoid is fused a thin-Avalled glass capillary tube 
(G^ in Fig. 7) about 3 cm in length, to the other end of Avhich 
the suspension thread is fused. A mirror (M), 2X3 mm in 
size, is attached AAuth picein to the upper end of the capillary, 
at right angles to the short axis of the ellipsoid. The suspen- 
sion thread (W) is fused to another glass tube (G.,), fixed to 
the A^ertical axis of the suspension screAv and aa’^cII centred. 
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Fig. 7. Outline vicu' of the moving mjsicm and an 
electrode vessel. 

Cn >•; a llliu-w-alltKl glass aipill.ary Uibt: fused lo llie ellipsoid and lo the suspension 
Ihread. G? is a glass tube fixeil lo the vertical axis of llie precision screw. 

M denotes the mirror and H' the ^^olli^sloll wire. 


For the suspension of the moving system, Wollaston wires, 
O.ooo, 0,007 and O.ni mm in thickness, were exclusively employe 
Experience liad shown that the weight of the system an I le 
dimensions of the suspension thread must be adjustec to t le 
clamping (viscosity of the testing solution). Thus, foi t e e ex 
mination of polyribodesose nucleotides, a wire about 3 
length and O.oi mm in thickness was usually employe . n e 
investigation of polyribose nucleotides, on the ot ler lan , a 
relatively short wire ( 1 — 1 V 2 cm in length and O.ooi mm 

thickness) was found to be preferable. 

The moving system was as a rule 60—70 mg m weig 1 . 
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D. The electrode vessel. 

Electrode vessels of glass and plexiglass, as a rule of rectan- 
gular shape and with a distance of 2.5 or 3 cni between the 
electrodes, were employed (see Figs, 6 och 7) . The electrodes 
consisted of platinum sheets, O.i and 0.2 mm in thickness, or 
of O.05 mm platinum foils. They were of circular shape, with 
a diameter of 5 to 6 cm. As a rule they were gray platinized, 
but in some cases smooth electrodes were used, without entail- 
ing any noticeable drawbacks. Different kinds of cement were 
used for fixing the electrodes. In a few cases the author 
attempted to make the contact surface between cement and 
solution as small as possible. So far as could be observed, the 
cements, which as a rule were picein or rubber mastic, did 
not entail any inconveniences. A volume of 120 — 250 ml test- 
ing solution was needed. 

For the connection of the electrodes to the oscillator, the 
author uses a platinum vnre, 1 mm in thickness, spot-welded 
at the electrodes and running along the inner wall of the elec- 
trode vessel to sockets on its lid. There it is connected with 
the wires from the voltage measuring instruments and from 
the alternating current generator. The lid of the electrode 
vessel on one of the short sides was extended, to provide room 
for the thermocouple and its multiplier. This arrangement 
conduces to shorten the wires to those instruments (about 3 
and 8 cm, respectively). 

The electrode vessel stands in a water bath of glass with a 
metal framing, holding about 6 litres. To the suspension 
screw is attached a cylinder movable about the lower part of 
the vertical axis of the screw. By screwing the cylinder against 
the lid of the electrode vessel, satisfactory stability is obtained, 
and stirring in the water bath can proceed even during mea- 
surement. The temperature in the water bath is maintained 
at 20.0° C. ± 0.05°. 
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E. Reading device. 

The deflexion of the ellipsoid is measured optically. As in- 
dicated by Fig. 7, a pencil of rays enters through the short 
side of the electrode vessel towards the mirror of the moving 
system, is reflected at right angles and is thrown by another 
mirror on a reading scale (see Fig. 5). In front of the source 
of light there is a wire, O.i mm in thickness, which is projected 
on the scale. The light path between the mirror of the moving 
system and the scale is 3.6 metres in length. The use of such 
a long light path is not intended to increase the precision of 
measurement, but is due to the necessity of adopting a special 
measuring technique in view of the unavoidable fluctuations 
in voltage (see Chapter VII) . The scale is graduated in milli- 
metres and provided with two sliders. 


F. High frequency sources. 

As previously mentioned, two oscillators were used, namely 
a larger high-frequency oscillator for intermediate and long 
wave-lengths and a minor oscillator for the short-wave range. 
The latter, however, was used only for the completion of 
dispersion curves. 

The larger oscillator for frequencies between 100 kc/s and 
2 Mc/s, as indicated by the circuit diagram (Fig. 8), con- 
sists of a oscillator stage, followed by an amplifier stage in 
a push-pull coupling. For both stages, the anode load con- 
sists of a primary tuned transformer. As a power stage lies 
between the oscillator tube and the output circuit, changes 
in load resistance, practically speaking, do not affect the 
frequency. 

The generator is intended both for low and high frequencies. 
Within the former range the frequency can be adjusted to 
three fixed positions (2 kc/s, 4 kc/s and 6 kc/s). The high 
frequency is continuously variable between the limits of about 
100 kc/s and 2 Mc/s, corresponding to the wave-length range 
of 150—3 000 m. Fig. 8 shows the connection of the generator 
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Fig. 8. Wiring diagram for oscillator loith loiv and high frequency. 

Frequency ranges: low frequency 2 kc/s, 4) kc/s and 6 kc/s, higli frequency variable between 100 kc/s and 2Mc Output impedance: 
15, 30 and 80 ohms. Power output: about 50 watts. 0 is a stage switch for rough adjust- 
ment and Pi and Ps are potentiometers for fine adjustment. 


at lii-h frequency. The required changing-over between the 
low a°nd high frequency ranges takes place automatically on 
the exchange of coils. 

There are three outputs for different load impedances, viz. 
for 15 30 and 80 ohms. The output voltage can be continu- 
ously regulated from zero to 30-40 volts by adfusting fte 
screra grid voltage of the oscillator tube. In order that this 
reoulation shall be as stable and precise as possible, a stage 
switch (0 in Fig. 7) is used for rough adjustment and two 
^rtentiometers (h and P=) for fine adjustment. The maximum 
power output is about 50 watts. 

The frequency range from 100 kc/s to 2 Mc/s 
hv 5 sets of coils. Tuning within each range is effected 3 
condenser C, which has tliree sections, ^l^ese sections are c 
nected up in such a way as to ensure simultaneous tu ^ 
the oscillator circuit and the symmetric output circui . 

The wave shape, as can be ^^ser^ on a cathode^^^^^^ 
oscillograph, is perfectly sinefoidal nothin the entire frequency 

The oscillator is driven from a rectifier unit 
220 volt alternating current. The alternatmg ^ « 

carefully filtered in order to avoid a 100 -period " 

The fluctuations in voltage measurement, 

very marked and then conduc V connected 

A voltage stabilization unit (Siemen ) ‘ ^ 220 volt ± 

before the rectifier. It has an ou p , . -ix 0 / 

± 1 % for voltage fluctuations of at mos _ . ' / 

The sho^wave oscillator ioi- JM 

5.S Mc/s and 12.0 Me/s), as , ube iu 4ose 

(Fig. 8), consists of an oscillator <=■■■<=."■* „ power 

anode circuit the second overtone between the 

circuit. Thanks to the device o c moderate load has 

output circuit and the J '-g gliortcircuited by 

a very slight effect. The output " | j:,ternd resist- 
a variable condenser. In the case of markea 
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ances the capacity must be increased by detached condensers, 
as otherwise the output voltage would be too high. The degree 
of distortion is very low, being less than 0.5 % at an output 
effect of at most 12 watts. The oscillator is fed through a 
rectifier unit (intended for sbort-wave transmitters, AGA type 
U S — 38347), connected to the mains. The short-wave oscil- 
lator has the disadvantages of a relatively high output imped- 
ance, especially at high load, and an unsjunmetrical output. 

The vdring between the oscillators and the electrode vessel 
consists of two intertwined leads, each consisting of 28 wires, 
over 5 metres in length. As regards the larger oscillator, the 
losses are insignificant, and even for 12 Mc/s (the highest 
frequency used), the voltage drop in the wiring, at the highest 
loads used, is less than 20 per cent. 

This loss of effect may 'per se seem rather considerable; but 
even vdth the use of short wiring the serviceableness of the 
minor oscillator in conductive solutions is greatly restricted. 

Symmetrical earthing was adopted in tw'o forms. Firstly 
the output transformer for the larger oscillator was short- 
circuited via a potentiometer (40 ohms, 100 watts) with 
an earthed contact arm; and secondly the electrodes were 
earthed over a 200 ohms carbon resistance (2 watts). As the 
apparatus had been built with a view to the greatest possible 
symmetry, symmetrical earthing was not required at fre- 
quencies of less than 1 Mc/s. But, as symmetrical earthing 
was necessary at higher frequencies, it was used also at the 
otlier frequencies. 

As regards the short-w’ave oscillator, the electrodes were 
earthed at 500 ohms and a variable condenser (500 /t/tF) was 
connected betw^een the one electrode and earth. By varying the 
capacity, the same voltage drop betw^een each of the elec- 
trodes and earth w^as obtained. At higher conductivities in the 
testing solution, however, the voltage drop was not the same 
on repeated connections of the voltage, w^hence the values 
w-ere not reproducible. 
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G. Frequency determination. 

The frequency was determined udth the aid of a wireless 
receudng set (Centrum, type lOY 6), connected to the mains. 
The receiver was calibrated with a »Heterodyne Frequency 
Meter» (General Radio Co., type 615) and was checked against 
broadcasting stations. 


H. Voltage measuring. 

The voltage over the electrodes was measured with a 
thermo-couple, connected via a carbon resistance, to as short 
wiring as possible. The thermo-couple (Philips, type Th 2) has 
a straight resistance wire, to which the thermo-element is 
directly soldered. The thermo-couple gives 12 mV e.m.f. 
for 10 inA, but, as the electromotive force was exactty pro- 
portional to the square of the current strength, not more than 
5 mA was were actually used. The carbon resistances (500 — 
— 3 000 ohms, Vitrohm) will stand a load capacity of two 
watts. The}^ are placed close to the thenno-couple, whose 
electromotive force is measured by a Cambridge Pot Galvano- 
meter with an internal resistance of 1 000 ohms and a stated 
sensitivity of 170 mm/y A at a distance of one metre. In order 
to obtain a sufficient deflexion on the galvanometer without 
the use of unduly strong current through the thermo-couple, 
it is not always possible completely to adjust the external 
resistance of the galvanometer to the internal resistance. Even 
a rather marked damping of the galvanometer was found to, 
be of no significance, as the reproducibility (tested with stor- 
age-battery voltages) was nevertheless satisfactory, and as the 
slow action of the thermo-couple in that respect was the de- 
termining factor. For the control and estimation of the high- 
frequency losses, an electron tube volt meter (Philips GM 
4150) was employed. It has an input capacity of about 10 
/</i F, which gi\’es too low an impedance to permit neglect of 
the effect of the instrument at the highest frequencies. 


60 



CHAPTER VII 

Measuring teclmique and precision 


In determining DC with the ellipsoid method, the torsional 
moment for the ellipsoid in the testing solution is measured 
and compared with the torsional moment for the same voltage 
in a solution with a known DC. Throughout this investigation 
the reference solution was distilled water (DC = 80.3 at 
20° C), which was examined in immediate connection with the 
measurement of the sample. 

In taking measurements, three different readings should, 
strictly speaking, be made at the same time, viz. for (1) fre- 
quency, (2) voltage and (3) the deflexion of the ellipsoid. But, 
as this would be very difficult to carry out in practice, the 
high-frequency oscillators, as previously mentioned (Ch. VI), 
were built with a view to > such stability that fluctuations in 
frequency could be ignored. At different output voltages and 
loads, the frequency was in fact found to be so constant that, 
after adjustment before measurement, it could be maintained 
practically unchanged (variation < % %) • 

The voltage, on the other hand, did not keep quite constant, 
especially at high frequency. A variation in voltage of 0.5 per 
cent, gives an error in DC of 1 per cent. In order to reduce the 
error due to variations in voltage, technical arrangements were 
made to ensure that the deflexions of the ellipsoid and of the 
galvanometer which measures the electromotive force of the 
thennocouple should go in the same direction and could be 
followed on the same scale. The series resistance of the ga 
vanometer and the thermocouple were adjusted so that t e 
deflexion of the galvanometer was approximately doub ® ^ ^ 
of the ellipsoid deflexion, and so that the galvanometer an 
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ellipsoid were equally slow in action. The galvanometer was 
then adjusted on the zero position of the scale, and the ellipsoid 
at half the expected deflexion for the voltage. The two de- 
flexions will then lie close to one another on the scale and can 
conveniently be read at the same time. 

The filling of the electrode vessel had to proceed very cauti- 
ously in order to avoid exposing the Wollaston wire to exces- 
sive mechanical strain, which would manifest itself by a change 
in the zero position of the ellipsoid and its consequent in- 
stability. 

So far as could be observed, the deflexion of the ellipsoid 
was not affected by changes in the level of the liquid in the 
electrode vessel, presumably because the free surface of the 
liquid was always rather high above the electrodes. How- 
ever, as the electrode vessel was always filled in such a way 
that the point of attachment of the suspension thread just 
dipped into the water, the level of the liquid was approxim- 
ately constant for each moving system. 

The oscillators and electron tube volt meter must be con- 
nected at least half an hour before measurement. During some 
of the longer measuring periods they were kept connected 
without intermission. 

The measurement procedure is as follows. When the testing 
solution has reached constant temperature, the oscillator is 
adjusted at the required wave-length with the aid of the 
radio receiver. With an electron tube volt meter, the po- 
tential of the electrodes is determined relatively to earth. If 
it is not the same, it is equalized by varying the capacity of 
a condenser connected from one of the electrodes to earth. 
The one slider of the reading scale is adjusted to the zero 
position of the ellipsoid. The voltage is applied to the elec- 
trodes, whilst the other slider follows the deflexion of the 
ellipsoid and is adjusted to the mirror image when the voltage 
has been maintained constant for a few seconds. The galvano- 
meter deflexion is read and the voltage is disconnected. If the 
zero position of the ellipsoid has shifted somewhat, the mean 
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value of the zero position before and after measurement can 
be used. The deflexion was in fact found to be additive to the 
weak forces which cause the drifting of the zero position. 

A measurement, as a rule, takes 10 — 20 seconds, but be- 
tween the measurements the ellipsoid does not resume a stable 
position until after the lapse of up to 10 — 15 minutes, especi- 
ally when examining electrically conductive solutions. Un- 
less mechanical or electric disturbances had arisen and pre- 
vented further measurement, at least ten readings were made. 

The determination of DC in a solution at one and the same 
frequency (including the control of water value, tempering of 
the solution etc.) usually takes 4 — 5 hours. In the short-wave 
range, where the testing solution and water has to be examined 
alternately sewral times, it often happens that not more than 
one measuring point per day can be determined. 

For each reading, the quotient ellipsoid deflexion/galvano- 
meter deflexion was computed. This quotient is proportional 
to DC and was taken as a basis for the computation of the 
mean value and the standard deviation, whereupon DC was 
computed from it. The mean error, Q, of the arithmetical 

medium is calculated from the formula Q =z if — ; — , 

V 71 (n — IJ 

where d = the deviation from the mean value and ti = the 
number of observations. In general, the mean error of the 
medium was ±0.2 DC units. 

As regards the reproducibility from day to day, the mea- 
surements distinctly showed that it is greater for certain sub- 
stances than for others. The above-mentioned quotient is 
rather constant e. g. for water (= 80.3 ± 0.15) as well as for 
polyribodesose nucleotides and glycine, whereas polyribose 
nucleotides, potassium chloride and also urea show greater 
differences at different times of measurement (maximum dif- 
ference 1 DC unit). The accuracy is determined in the first 
place by the electric conductivity, secondly by the frequency 
used, and finally by certain unknown factors, which must be 
attributed to the testing solutions. 
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CHAPTER VIII 


Control of tlie nietliod 


Dielectric investigations have in many cases shown bad cor- 
respondence. The disparities are not only due to the use of 
different methods: they have often occurred in different exe- 
cutions of the same method. In regard to solutions in which 
the electric conductivity has not been very low, the discrepan- 
cies have been particularly marked. As regards non-conductive 
solutions, thanks to careful determinations, a number of sub- 
stances which are suitable for testing purposes have been in- 
vestigated. For electrically conductive solutions, on the other 
hand, this is not the case. In these circumstances, a control of 
the technique must be confined to (1) testing of details in the 
apparatus where errors are expected to occur, (2) control de- 
terminations of solutions of non-conductive test substances 
and (3) examination of electrolytic solutions in order to aseer- 
tain whether the results are probable. 

Some typical examples of procedures for the control of the 
method will now be described. 

A. Continuous control. 

A thermocouple does not give complete proportionality be- 
tween the electromotive force and the square of the current 
strength. The thermocouple used in this investigation (Philips 
Th 2) should show a deviation of less than 2 % for an elec- 
tromotive force of 12 mV. On control with direct current and 
alternating current of 50 c/s, a strict proportionality between 
the electromotive force and the square of the current strength 
has been found for current strengths of up to about 5 mA. In 
such cases the precision of the thermocouple and of the galva- 
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EUrpscid Deflexion, m n 



Fig. 10. Exam-})lc.s of mcn.'^'uiiiu) series iciilt coviinuous conirol 

of the method. 


nonicter employed is so high that, on lc.sting witli slorage- 
batlery voltages, exactly the same values — within normal 
errors of reading — , arc obtained. 

As indicated by the formula (20), the deflexion of the 
ellipsoid should be proportional to the square of the voltage, 
i. c. in the present case the deflexion of the galvanometer. It 
i.s important to control this, as methodical errors due to pola- 
rization, local convections and distortion of the measuring 
voltage etc., will result in deviations. 

With a view to continuous control of the method, the pro- 
portionality between the deflexion of the galvanometer and 
that of the ellipsoid was ascertained for each series of measure- 
ments. Examples of such series are given in Fig. 10, in which, 
besides water, some values of potassium chloride (IvCl) and 
acetic acid (II Ac), for different moving systems, have been 
included. 

Continuous control diminishes the risk of methodical errors 
and, when an unknown solution is being exanained, gives one 
a certain assurance that the method was applicable to t le so 
lution in question. 
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B. Measurements at different frequencies. 

At different frequencies somewhat varying water values are 
obtained, either because the series resistances to the thermo- 
couple, despite the testing of specific resistances, are not com- 
pletely independent of the frequency, or owing to the occurr- 
ence of a low, but disturbing, degree of distortion. 

The testing of standard substances for control purposes 
therefore comprised determinations of glycine and urea solu- 
tions at different frequencies. It was found that, within normal 
errors of measurements, the same increment was always ob- 
tained, even at wave-lengths where the water values were 
different. 

An example of such a test is given in Table 2 and Fig. 11. 
It was made on a 3.5 molar urea solution, with moving system 
No. 112. The system was relativelj'- non-sensitive, but was 
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Fig. 11. The quotient between ellipsoid and galvanometer deflexion 
for toater and urea (3.5 molar solution) at different frequencies. 
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Table 2. 


The quotient betivecn ellipsoid and galvanometer deflexion for 
water and urea (3.3 molar sohition) at different frequencies. 

Temp. 20° C. 


mm 

Quotient 
for wnler 

Quotient 
for urea 
solution 

DC of 
the urea 
solution 

Incidental 
error 
of DC 

e— Sy 

25 

0.5155 


91.0 

0.25 

10.7 

51.7 

0.5345 

O.G040 

90.7 

0.14 

10.4 

'103.4 



91.3 

0.12 

11.0 

150 

0.5162 

0.6882 

90.9 

0.08 

10.6 

400 

0.5180 

0.58GO 

90.8 

0.04 

10.5 

1000 

0.5205 

O.5900 

91.0 

0.10 

10.7 

2500 

0.5 17S 

0.59t2 

91.8 

0.16 

11.5 


fo tknoles Ihe DC of water (— S0,3) and f denotes the DC of the urea solutions. 


selected because it had been used in marking a number of 
points on tlie thymonucleic acid dispersion curve. The ellip- 
soid had the axis ratio and the system was suspended by 21 
mm wire of the dimension O.oi mm. Apart from the frequencies 
under 150 m, the water values lie within ± 0.5 % and vary 
within a DC unit. That the water and urea values lie higher 
at short wave-lengths is due to the fact that the high-frequen- 
cy losses in the series resistances are larger there. As will be 
seen, the increment is fairly constant. 


C. Control with solutions of glycine. 

Wyman and Me Meekin, with a resonance method at a 
wave-length of 2 — 5 m, found that glycine had a molar in- 
crement of 22.8 at 20° C. Hedestrand (1928), with the use 
of a bridge method and 900 kc/s, found the increment to be 
23.0 at 20° C. Glycine has also been studied with the ellipsoid 
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method, for example by FtisTH. As previously mentioned, 
however, his execution of the method was unsatisfactory and 
its results misleading. Later on, DuNNlNG and Shutt (1938) 
at 1 000 c/s found a molar increment of 24.5. The results of 
the tests with the ellipsoid method thus showed good cor- 
respondence with those of other methods, and glycine could 
therefore be considered to be a suitable testing substance. 

In the author’s control tests, gljmine acc, to S0RENSEN 
(Kahlbaum) was examined after double crystallization, as a 
rule onlv in a, few concentrations. Some results for different 

V 

concentration}! are shown in Table 3 and Fig. 12. 

As will be seen, my values closely correspond to those of 
Dunning and ShiiTT, and in the controls a somewhat higher 
value was obtained throughout than that found by Wyman 
and Me Meekin. 
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Fig. 12. DC of glycine at different concentrations. 

+ AVynian and Me Meekin’s value. 

X Dunning and Shull s value. 

© Author's own values. 
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Tabic 3. 


DC of glycine at different concentrations. Tenvp. 20° C. 
Wave-length 1 200 m. 


Conccnlralion 

c 

(molarity) 

DC 

Incidental 
error of DC 

c~c„ 

■Hi 

O.l 

82.8 

0.17 

2.5 

25.0 

0.25 

SG.9 

0.2.3 

G.C 

26.4 

0.5 

92.5 

0.28 

12.2 

24.4 

0.75 

99.2 

0.1 0 

18.9 

25.2 

1.0 

104.9 

0.24 

24.9 

24.6 


So denotes the DC of wntor (=: 80 . 3 ) and e dcnolc.s the DC of llie glycine solution. 


D. Control tvith solutions of urea. 

'IValden and \YEitNEn (1027) have shown that the incre- 
ment of urea is liable to be affected by impurities, and that 
urea solutions after some time undergo changes in DC accord- 
ing to the concentration. After Wyiman’s (1083) determin- 
ations, which are in fairly good correspondence with those of 
Harrington (1916), Kockee (1925), Walden and Werner 
(1927) and others, the DC for urea solutions may be considered 
to be ascertained and urea to be serviceable as a standard sub- 
stance. With the ellipsoid method, Dunning and Shutt 
(1938) for a l.o molar solution at 20° C, found a ratio of 1.034 
to water, which tallies well with Wyaian’s figures. 

Like glj'cine, urea was used by the author for control of 
the method. The above-mentioned observations of Walden 
and Werner were on the whole confirmed. However, on exa- 
mination of a several times crystallized preparation (Merck) 
within 4 — 5 hours, no change could be observed. 

A concentration curve, including also Wyman’s values, is 
shown in Fig, 13, The values are reproduced also in Table 4. 
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Fig. 13. DC of urea at different concentrations. 

—X— Wyman’s values. 

© Author’s own values. 


Table 4. 

DC of urea at different concentrations. Temp. S0° C. 
Wave-length 1 200 m. 


Concentration 

c 

(molarity) 

DC 

Incidental 
error of DC 

Increment 
, _ e-£„ 

Increment 

j _ E — E„ 

c 

after Wyman^ 

c 

1.0 

83.4 

0.16 

3.1 

2.80 

2.0 

85.8 

0.17 

2.8 

2.76 

3.0 

88.6 

0.19 

2.8 

2.68 

3.6 

90.7 

0.24 

3.0 

2.67 

4.5 

91.9 

0.23 

2.6 

2.58 

6.0 

94.1 

0.1 0 

2.3 

2.45 


^ interpolated values. 


fo denotes the DC of water ( — 80.3) and f denotes the DC of the urea solution. 
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The correspondence is on the whole quite satisfactory. Evi- 
dently, however, it is much more difficult in urea to obtain 
such a high degree of reproducibility as e. g. in glycine. 

E. Control with solutions of potassium chloride. 

As regards the strong electrolytes, the variations in DC have 
not been definitely ascertained. According to Debye-Falken- 
hagen’s theory, owing to the deformation of the ionic atmo- 
sphere in the electric field, an asymmetry of the charge is form- 
ed. The polarization, and thus DC, will then increase. Thus, 
according to the theory, strong electrolytes give rise to an in- 
crease in DC (see Falkenhagen’s monography: »Elec- 
trolytes>, Oxford 1934). 

The experimental results have been of a very shifting cha- 
racter (see the surveys by Bluh 1926, 1934 and, as regards 
more recent investigations, Geubb and Hunt 1939). It seems 
probable that DC at rising concentrations of potassium chlo- 
rid first falls and then rises above DC of the water. 

It is, however, quite permissible, for control of the method 
and its. accuracy, to use an electrolyte solution even if we do 
not know its DC. No systematic investigation has been made, 
but preliminary determinations have shown an initial fall of 
about half a DC unit for O.ooi m potassium chloride. The DC 
then rises and, for about O.003 m potassium chloride solution, 
within normal errors of measurement, gives the same value as 
water. A O.cos m potassium chloride solution was accordingly 
used in order to control the method’s independence of the con- 
ductivity, at different frequencies. When the symmetrical 
earthing had been made effective, this was found to be the 
case also at the highest frequencies used. 
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Siiimnary, Part II 


For a study of the dielectric properties of polynucleotides, 
the author has taken up the ellipsoid method indicated by 
Furth. Chapter III records the points of view which deter- 
mined the choice of method, namely (1) that it should permit 
an electric conductivity of about 10“^ ohm—^cm~^ and (2) 
that measurements could be made at different frequencies 
Avithin the radio frequencj'^ range. No method which satisfies 
these requirements had previously been available. 

Chapter IV summarizes the relations given by Furth and 
Bjornstahl for the ellipsoid method. The deflective force of 
a rotation ellipsoid in an electric field — in addition to the 
dimensions of the ellipsoid — , is dependent on the DC of the 
solution, the field strength in the second potency and the 
angle of the axis of rotation to the field. The frequency and 
conductivity have no disturbing effect and, in comparative de- 
terminations with solutions of known DC, the deflexions at the 
same voltage are proportional to the DC of the solution. 

The ellipsoid method has several sources of error, some of 
which, and the possibilities of their neutralization, are discuss- 
ed in Chapter V. 

In Chapter the author reports the practical execution of 
the method with the apparatus employed. For a continuously 
variable frequency beUveen about 100 kc/s and 2 Mc/s, the 
apparatus in this investigation was used at3 • 10-® ohm-^cm-\ 
and gave accurate values at still higher conductivities. At a 
conductiAuty of 5 • lO"^ ohm~^cm“'^ and under, the mean error 
of the medium is, as a rule, about i 0.25 %. For less conductive 
solutions (at most 2 • 10~'* ohm~^cm~^) the range of frequency 
could be extended to some fixed frequencies in the short-waA’^e 
region, the highest being 12 Mc/s. 
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Chapter VII gives a description of the measuring technique, 
which aims especially at reducing the effect of inevitable va- 
riations in voltage. _ t 4-1 ^ 

Finally, in Chapter VLll the author gives a survey of the 

details of the apparatus which, in the use of the ellipsoid me- 
thod must be controlled, and adduces some examples of con- 
trol determinations of urea and glycine. The results are 111 
fairly good correspondence with those of other metho s. 
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PART III 


EXPERIMENTS 




CHAPTER IX 


Some (lata regarding the polynucleo- 
tides exahiiiied 


A. Previous investigations. 

llie present work relates only to the dielectric properties of 
polynucleotides. I shall therefore confine myself here to review- 
ing some previous investigations of immediate interest for 
the inter|)relation of my results. 

In the study of physiological substances, it is important to 
consider how far the preparations reflect the properties of 
the substances iti ihe organism itself. In the preparation of 
polynucleotide.s, it is essential to avoid treatment with acids 
or alkalies, which is bound to entail changes in those substances. 

The first method for the preparation of polynucleotides with 
a neutral reaction and at low temperature was that indicated 
by Hammarstex (1924) for thymonucleic acid. Subsequently, 
with gentle means, also polyribose nucleotides were produced 
from different materials (IlAr^iMARSTEN, not yet published). 

Hammarstex (1924) made a thorough study of thymo- 
nucleic acid, with physico-chemical and other methods. An 
aqueous solution of its neutral sodium salt had a very high 
viscosity, and he found that the increase in viscosity with 
rising concentration w'as greater for solutions containing more 
than about 0.2 g/100 ml (Fig. 14), This indicates aggregation 
at higher concentrations. The conductivity as well as the vis- 
cosity changed with time. With a concentration of sodium 
thymonucleinate of O.iSG g/100 ml, the viscosity fell by 10.5 % 
in 20 hours, whilst the conductivity rose by about 1 %. The 
viscosity was also found to be extremelj’^ dependent on small 
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Fig. 14. Viscosity of neutral sodium thymomicleinate at different 
concentrations (after IlAMMAltSTEN> 192Jt). 


additions of salt, and as regards a 0.2 solution it fell by 23 % 
if sodium chloride was added to a molarity of 0.5 • 10“^. 

In studying the osmotic pressure, Hammarsten (1924) 
found that it was dependent on the size of the positive ion, so 
that salts with large positive ions showed a higher osmotic 
pressure, whereas small ions were osmotically less active (Ham- 
marsten’s volume effect) , For the free thymonucleic acid, the 
osmotic pressure was even less than could be computed from 
the hydrogen ion concentration. Proceeding from thermodjma- 
mic considerations, Linderstr0m-Lang (1926) explained the 
Hai^imarsten effect by assuming that the activity of the thy- 
monucleic acid is a diminishing function of the concentration. 
This, however, is the case only if a very marked interaction 
between the nucleic acid molecules is taking place. The positive 
ions would then exercise a screen effect, which would be less 
marked the larger the ion, 

Pedersen (1940) studied Hamimarsten’s thymonucleic 
acid preparation in an ultracentrifuge. The sedimentation rate 
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was found to correspond to a molecular weight of 200 000 in di- 
lute solutions (0.035 %) and was still greater at higher concen- 
trations. The diffusion constant (computed from the sediment- 
ation curves) was four times greater than might be expected 
from the coefficient of friction, indicating that the particles 
were not exactly of the same size. 

On the basis of the results from experiments on double re- 
fraction of flow (Signer, Caspersson and Hammaesten, 
1938), the molecular weight has been estimated at 500 000 — 
1 000 000, with the axis ratio 1/300. As the molecules, in a 
marked degree, were negatively double refracting, it was 
supposed that the purin and pyrimidine rings lie perpendicu- 
lar to the longitudinal axis, arranged in a definite pattern. 

The regularity in the thymonucleic acid molecule that could 
be ascertained by a study of the double refraction of flow 
was observed also on examination with the X-ray. Astbury 
and Bell (1938) found a strongly-marked period of about 
3.34 A along the fibre axis of an extended, almost dry, prepara- 
tion. They state that, though this spacing might seem unduly 
short for the distance between the mononucleotides, it corres- 
ponds with what might have been expected from the density 
(1.62 — 1.63 g/ml). It is of great interest to note that they ob- 
served also longer periods, corresponding to at least 17 mo- 
nonucleotides. 

Thymonucleic acid must thus be considered to have long, 
rod-shaped molecules with a very high molecular weight, even 
in dilute solutions. It shows a very regular structure, with a 
close succession of mononucleotides, but the occurrence of also 
larger, regularly recurring units is considered probable. 


As regards the polyribose nucleotides, physico-chemical in- 
vestigations are very scarce. Difficulties in preparation have 
evidently stood in the way, especially in view of the risk of 
enzymic decomposition. 

In low-polymeric preparations, determinations of molecular 
weight are difficult and uncertain. Fischer, Bottger and 
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Echteenacht (1941) nevertheless determined the molecular 
weight on a preparation from pancreas, which, however, had 
been produced by treatment with alkali and may have been 
damaged in that process. From diffusion experiments, they 
estimated the molecular weight to about 10 000, corresponding 
to about 30 mononucleotides. 

From another material, namely virus, some important re- 
sults have been obtained. Cohen and Stanley (1942) pro- 
duced from tobacco mosaic virus a polyribose nucleotide which, 
in a fresh condition, had a molecular weight of about 300 000, 
but which spontaneously broke down to 61 000. On treatment 
with alkali in cold the molecular Aveight fell to about 15 000, 
the axis ratio being estimated at 1/10. These authors presume 
that the polyribose nucleotide in the natural form has thread- 
like molecules. As, on polymerization, the molecular unions 
seem to permit a deviation from the linear form, a reduction 
in asymmetry apparently occurs. 


B. Material. 

a. Polyribodesose nucleotides. 

The thymonucleic acid preparations were produced by 
Hammarsten in accordance Avith the method indicated by 
him (Hammarsten 1924). This original preparation (here 
termed TN I) as well as a preparation which had been further 
purified (here termed TN II) Avere used in this investigation. 

TN I is the same preparation as that studied by Hammar- 
sten (1924). Its protein content is about 1 %. The preparat- 
ion used Avas air-dried and had 15.31 % moisture. The phos- 
phorus content was 7.74 %. A solution Avith l.o g/100 ml had 
a chloride concentration corresponding to O.ooi normality. 

TN II was made in the same Avay as TN I, but was after- 
wards purified Avith a method elaborated by Hammarsten 
( to be published). According to this method, the preparation 
is dissolved in hydrous phenol and is ultracentrifuged at 50 000 
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r. p. m. The preparation is then free from protein. The prepa- 
ration used for this investigation was air-dried and contained 
15.75 % moisture. The analyses showed 12.28 % nitrogen and 
7.57 % phosphorus. A solution with l.o g/100 ml contained 
chlorides in a concentration of O.0D25 normality. 

The partial specific volume was determined for TN II at a 
concentration of 0.7 per cent, by weight. The value 0.50 was 
found. As the densities were determined with a possible error 
in the 4th decimal, the accuracy was not very high, but 
sufficient for this investigation. The value was also considered 
applicable to the other preparation used, as well as to weaker 
concentrations. 

h. Polyribose ?iziclcotides. 

The preparation was made from pancreas by Hammarsten 
according to a method elaborated by him. The preparation 
is free from protein and high-poljmieric with a buffer capacity, 
between pH 5 and pH 7, of 0.12 — 0.14 milliequivalents per mg- 
atom of phosphorus. The analyses showed 5.14 % nitrogen and 
8.05 % phosphorus. The moisture content was 9.22 % in air- 
dried state. The preparation had been precipitated with hydro- 
chlohic acid and ethyl alcohol in cold and was dissolved with 
a gentle addition of alkali. 

The purification method and analysis data for these nucle- 
otides (as in the case of TN II) will be published by E. Ham- 
Aiarsten. 

c. Other preparations. 

Some preliminary studies were made of other nucleotides, 
namely a sodium salt of uridylic acid and commercial nuleic 
acid from yeast (Merck). 

The uridylic acid preparation was made by Jorpes. It con- 
tained 6.87 % nitrogen and 6.84 % phosphorus. 

In investigating the serviceableness of the method for nucle- 
otides, Merck’s nucleic acid preparation from yeast was first 
tested. It had, however, been produced by treatment with 




81 



alkali and contained nucleotides with very different degrees of 
polymerization. But, as it was used for many investigations 
and is thus of a certain general interest, the results have ne- 
vertheless been reported here. 


At the laboratory, phosphorus is determined according to 
the method of Peegl, and nitrogen according to the micro 
method of Kjeldahl. The moisture is computed from the loss 
of weight on drying to a constant weight at 90° to 100° C., in 
a vacuum over phosphorus pentoxide. 

The nucleotides examined were always used in the form of 
sodium salts and are referred to as such even where, for the 
sake of brevity, they are mentioned as free acids. 
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CHAPTER X 


The dielectric constant for aqueous solutions 
of polynucleotides at different 
concentrations 


Dielectric studies have not previously been made in regard 
to polynucleotides. It is of interest, however, to note that 
Hausser and Kinder (1938), in connection with a dielectric 
study of cozjnnase, made a number of determinations on yeast 
adenylic acid, etc. They adopted j'Drude’s second methods 
(1897), at a wave-length of about 2 metres. For yeast adenylic 
acid they found in a GO molar solution a molar increment of 
85, From this it can be inferred that the measured increase of 
DC (when the adenylic acid had been dissolved in water and 
pH was 2.85) was about 1.24 DC units. By the addition of al- 
kali, pH was varied. The increment diminished approximately 
linearly with increasing pH, being at pH 4.35 about 28, i. e. the 
rise of DC was about 0.24 DC units. The conductivity was high 
(about 10~'^ ohm~^cm~^) and was compensated with dilute 
solutions of hydrochloric acid. 

Blxth and Kroczek (1934), who had likewise adopted 
Drude’s second method, have shown that such a conductivity 
in the solution can apparently shift DC several units. To com- 
pensate this by corrections and, by comparison with dilute 
hydrochloric acid, to ensure rises of 0.24 to at most. 1.24 DC 
units is by no means easy. Moreover, though the ab- 
solute value of the control solutions is unknown, it is neverthe- 
less reckoned as the DC of the water. Even a relatively small 
shifting of DC owing to the action of the hydrochloric acid 
will considerably affect the result. For extended yeast adenylic 
acid, they estimate the distance between the charges at about 
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Table 5. 


DC of uridylic acid in aqueom solutions at different concentrations. 
■pH = 7.3. Temp. 20° C. Wave-length 1 200 m. 


Concentration 


Tnriripnffil 

Increment 

g/100 ml 

mg-atoms 
pospViorus 
per litre 

DC 

error 
of DC 

per mg-atom 
phosphorus 
per litre 


1.1 

82.9 


2.4 


2.2 

84.1 


1.7 


4.4 

85.3 

0.35 

■ 1.1 


5.6 

85.1 

0.46 

0.9 


10 A. From this it can be inferred that Hatjsser and Kinder 
made their determinations within the dispersion range of yeast 
adenylic acid, whence merely a minor part of a possible in- 
crement there could be observed. 

In connection with the study of polynucleotides, it seemed 
to be of interest to make a comparative investigation of some 
mononucleotide. Some determinations were accordingly made 
on the sodium salt of uridylic acid at different concentrations. 
The solutions were prepared from a stock solution with pH 7.3 
(the slight shifting of pH during dilution was not compens- 
ated). 

As shown by Table 5, uridylic acid, at about pH 7.3, has a 
very high molar increment, which, however, within the range 
of concentration examined, is not constant. As shown in Fig, 
15, the curve gradually bends off at higher concentrations. 

In order to test the serviceableness of the method, a number 
o determinations were at first made on commercial yeast 
nucleic acid. It was examined at different pH between 5.8 and 
6.65. Within this pH range, no difference in increment could be 
observed. As, despite the lack of homogeneity in the prepara- 
lon, the determinations are of interest, some of them will be 
reproduced here. 

As shown by Table 6, commercial yeast nucleic acid has a 
high increment, though somewhat lower than for uridylic acid. 
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Table 6. 


DC of nucleic acid jrom yeast (Merck) in aqueous solutions at 
difjcrcjit concentrations. pH = 5.s — G.fij. Temp. S0° C. 
Wave-length 1 200 m. 


Conccnlration 
g/100 ml 

DC 

liiclclentol 
error of DC 

0.125 

83.8 

0.13 

Q.'lh 

85.9' 

— 

O.3.0 

87.7 

0.40 

0.5 

88.6 

O.Cd 

1.0 

89.7 

0.21 

2.0 

92.0- 

— 


^ mean of 8 values. 

' mean of 6 values. 

The increment is fairly constant at concentrations under 0.3 
g/100 ml (see Fig. 15). 


A. Polyribose micleolides. 

The preparation, as already mentioned, was jjrecipitated as 
free acid. The weights are therefore given in grams of free acid 


Table 7. 

DC of polyribose nucleotides in aqueous solutions at different 
concentrations. q7Hz=5.s. Temp. 20° C. 
Wave-length 1 200 ni. 


Concentration 

DC 

Incidental 
error 
of DC 

Increment 
per mg atom 
phosphorus 
per litre 

g/100 ml 

mg-atoms 
phosphorus 
per litre 

0.15 

3.9 

83.4 

0.34 

0.79 

0.25 

6.5 

84.9 

0.19 

0.71 

0.3.5 

8.6 

86.3 

0.42 

0.70 

0.5 

13.0 

88.3 

0.67 

0.62 
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per 100 ml. The solution was prepared from a 0.5 % stock solu- 
tion, where pH was adjusted, by the addition of alkali, to about 
5.8. The measuring values are given in Table 7. 

The DC for different concentrations is shown in Fig. 15, 
which, for purpose of comparision, also gives the concentration 
curves for uridylic acid and commercial yeast nucleic acid. 
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Fig. 15. DC of polyribose nucleotide in aqueous solutions 
at different concentrations. 

— © — denotes polyribose nucleotide. By way of comparison, the broken line for 
uridylic acid and — X — for nucleic acid from yeast have been included. 


Resxilis: Polyribose nucleotides have an increment which is 
considerably lower than that of commercial yeast nucleic acid 
and especially uridylic acid. On the other hand, the increment 
is fairly constant within the range of concentration examined. 
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B. Polyrihodesose nucleotides. 

In view of the effect of time on the viscositj^ and conduct- 
ivity of these nucleotides, shown by Haimi^iaesten in 1924 
(see p. 77), the possibility that also the DC varied with time 
was investigated. The solutions were examined 5 — 18 hours 
after preparation, and during this period no dependence on 
time could be observed. 

Results: The values determined in respect of the thymonuc- 
leic acid preparations examined will be found in Tables 8 
and 9. 


Table 8. 

DC oj polyribodcsosc nucleotide, TN I, i7i aqueous solutions at 
dijfereiit coircentraiions. Temp. 20^ C, Wave-length 1 200 m. 


1 Conccniralioii 

DC 

Incidental 
error 
of DC 

Increment 
per mg atom 
phospliorus 
per litre 

g/100 ml 

mg atoms 
Ijhospliorus 
per litre 

0.025 

0.fi2 

89.6 

0.81 

15 

0.05 

1.2 

95.0 

0.11 

12 

O.flTa 

1.9 

lOO.o 

0.88 

11 

0.1 

2.0 

101.2 

0.11 

8.-1 

0.12S 

3.1 

99.5' 

— 

6.2 

O.Ht 

4.7 

93.5 

0.18 

2.8 

0.21) 

0.2 

91.1 

0.88 

1.7 


mean of 7 values. 


TN I at very low concentrations already shows an extremely 
high increment, which even for concentrations under O.i g/100 
ml is not quite constant. At a concentration of O.i g/lO^ ^ ^ 
very marked change in the curve occurs, so that DC at ig er 
concentrations rapidly falls (see Fig. 16). 
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Table 9. 


DC of polyrtbodcsose nucleotide, TN II, in aqueoits solutions at 
differe7it concentrations. Temp. 30° C. Wave-length 1 300 m. 


Conccnlralion 


Incidental 
error 
of DC 

Increment 

g/IOO ml 

mgatoms 
phosphorus 
per Hire 

DC 

per mg-atom 
phosphorus 
per litre 

0.0125 . 

0.31 

. 85.7 

0.1 r. 

18 

0.025 

O.fil 

87.8 

O.IO 

12 

0.05 

1.2 

90.3 


8:2 

0.1 0 

2.4 

93.0 

0.13 

5.2 

0.20 

4.i) 

91.0 

0.25 

2.8 


TN II also has a very high increment, which at some hund- 
redths per cent, of the solution deviates from the linear course. 
At a concentration of O.i g/100 ml, the increment falls much 
more rapidly. On the concentration curve (Fig. IG) this is in- 
dicated by the rather sharp bend. 

As mentioned before, neutral salts have a marked effect on 
the viscosity of polyribodesose nucleotides (p. 77). Also DC is 
considerably lowered by small quantities of potassium chloride. 
The amounts of neutral salts in the preparations are, however, 
so minute that they may be ignored. 


C. Comments. 

All kinds of nucleotides were found to belong to the relati- 
small group ob substances which have a (positive) increment. 

As regards the sodium salt of uridylic acid, the increase in 
DC is many times greater than was found by Hausser and 
Kinder for yeast adenylic acid. As we are concerned here 
with analogous substances, this disparity is remarkable, and 
it does not seem possible to get the results to tally except on 
the assumption of a critical wave-length of several metres. 

Commercial yeast nucleic acid has certainly a greatly var}'’- 
ing degree of polymerization and, also in dielectric respects, 
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holds an intermediate position between uridylic acid and poly- 
ribose nucleotides. 

The increment for the sodium salt of polyribose nucleotides, 
which, to judge by the low buffer capacity, has a relatively 
high degree of polymerization, is lower than for uridylic acid 
and for Merck’s yeast nucleic acid. This corresponds to a 
minor polarity in the molecule, due to the linkage of the mono- 
nucleotides on polymerization, so that the moments to some 
extent neutralize one another. The increment at different con- 
centrations is relatively constant, which is also in conformity 
with the less marked dipole association. 

Pol 3 Tibodesose nucleotides, at low concentrations (under 
0.1 g/100 ml), show an extreme rise of DC for water. The molar 
increment (reckoned according to a molecular weight of 
200 000) will be more than ten million. 

A noteworthy phenomenon is the very marked change that 
occurs at a concentration of O.l g/100 ml, and which is parti- 
cularlj’’ pronounced as regards Hamiviarsten’s original pre- 
paration, where a fall of DC is actually observed. Such a 
marked association must manifest itself in the form of a change 
in viscosity. This effect was observed by Hamaiarsten as 
far back as 1924, when he found that the viscosity began to 
increase more rapidly at a concentration approximately corres- 
ponding to 0.2 g/100 ml (see Fig. 14, p. 78), The different con- 
centrations at which the changes occur do not, conflict Avith 
one another, as it must be assumed that the determinations of 
DC are much more sensitive and react more rapidly to an 
association of non-polar type. The tendency to form units, 
which was observed also by Pedersen (1940) in ultracentri- 
fuging, was the basis of the explanation given by Linder- 
mr0m-Lang (1926) of Hammarsten’s volume effect. Were 
it not for the screen effect of the positive ions, the association, 
on the rise of the concentration, would soon result in precipita- 
tion. 
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CHAPTER XI 


Aiioiiialoiis dispersion of polyribodesose 
nucleotides in aqueous solution 


In the ver.y first investigations of polyribodesose nucleotides 
at different frequencies within the radio frequency range, it 
had alreadj' been ascertained that the units rotating in the al- 
ternating field had a considerably lower molecular weight than 
had been found, for example, by ultracenlrifuging and determ- 
ination of the double refraction of flow. By extending the 
range wave-length so that these minor units could be measur- 
ed, facilities were afforded for increasing our knowledge of the 
polyribodesose nucleotides by determination of DG. On ex- 
tension of the range to 2 Mc/s, an incipient dispersion could 
be shown for polju'ibodesose nucleotides, and with the fixed fre- 
quencies the course of the whole dispersion curve could be de- 
termined. 

As regards the polyribose nucleotides, the wave-length range 
could not be extended so far, but down to 145 m no dispersion 
could be shown. 

The determination of dispersion curves in electrically con- 
ductive solutions takes considerable time, whence the indivi- 
dual measuring points in practice are comparable with isolated 
and independent values. TN I as well as TN II were examined 
at a concentration of 0.1 g/100 ml. 

The changes in DC at different frequencies for TN I and 
TN II are best shown in Fig. 17. As will be seen, DC falls at 
shorter wave-lengths and the shape of the curves indicates 
regular dispersions. Although at long wave-lengths the prepa- 
rations show considerably different values, the difference is 
equalized, and at high frequencies the solutions have approxi- 

91 



o 



Fig. 17. Anomalous dispersion of polyribodesose nucleotides. 

© denotes TNI. 

A denotes TN II. 


mately the same DC, which, however, is considerably higher 
than that of water. Thus polyribodesose nucleotides have at 
least one additional anomalous dispersion. 

For the computation of the molecular weight — which is of 
special interest in this connection — , an expression for the 
critical wave-length ?.c was obtained from the equations (16) 
and (18) namely 




where A is the wave-length and ?.c the critical wave-length 
(transferred from the corresponding frequencies). From the 
conformation of the curves, probable values of ei and 6h were 
first assumed and, as approximate values, the following figures 
seemed probable: 
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TN I . . . l.r.3 • lO"* cm 101.3 86.4 

TN II . . . 0.90 • 10^ cm 93.2 85.6 

On the basis of the assumed values, tests were made until 
h in the equation (16 and 18) was approximate]}'' constant. 
The results then obtained were 

TN I . . . 1.50 * 10‘‘ cm 101.: 86.3 

TN II . . . 0.91 • 10* cm 93.2 85.6 

The values are given in Tables 10 and 11. Considerable 
errors arise in computing h from DC determinations at in- 
creasing distances from the centres of the curves. In such de- 
terminations regard is tlien paid only to the values in irame- 


Table 10. 


DC of polyribodcsosc nucleotide, TN I, at different xoaye-lengtlis. 

Temp. 20° C. 


Wave«Icngth 

m 

DC 

Incidental 
error of DC 

4- 10' 

(cm) 

AVeighling 
of 4 

25 

8G.7 

0.23 

(1.60) 

0 

51.7 

87.5 

O.IO 

(1.74) 

0 

103.-1 

91.8 

0.06 

1.35 


150 

94.1 

0.16 

1.42 


200 

95.0 

0.12 

1.68 


250 . 

97.2 

0.19 

1.50 


300 

98.3 

0.13 

1.45 


350 

99.4 

0.15 

1.20 


450 

lOO.O 

0.11 

1.28 


GOO 

99.4 

0.15 

2.16 

*2 

1000 

100.7 

0.18 

(1.62) 

0 

0 

1200 

101.1 

0.11 

~ 


For the computation of h it was assumed that £i — 101. i 

£j, = 86.3 


Found value: ^.c — 150 m. 
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Table 11. 


DC of 'polyribodcsose nucleotide, TN II, at different wave-lengths. 

Temp. 20° G. 


Wave-IengUi 

m 

DC 

Incidental 
error of DC 

;.c-io' 

(cm) 

AVeighting 

of /.c 

25 

86.0 

0.21 

(1.06) 

0 

51.7 

86.8 

0.20 

1.20 

A 

103.4 

90.0 

0.27 

0.88 

i 

150 

91.4 

0.17 

0.84 

1 

200 

92.2 

0.14 

0.82 

1 . 

250 

92.0 

0.12 

0.73 

6 

400 

92.9 

0.18 

(0.81) 

0 

600 

93.0 

0.14 

(0.99) 

0 

1000 

92.9 

0.14 

— 

0 


For the computation of /c it was assumed that £i = 93.2 

fi, = 85. G 


Found value: h = 91 ni. 


diate proximity to /c, in order to obtain a mean value. The 
estimation of the weighting of different values Avas made ac- 
cording to Arrhenius (1940). This computation corresponds 
to an equalization of the errors in a horizontal direction on the 
curves, which is the most satisfactory procedure for the de- 
termination of ^.c. 

For the purpose of control, the method of least squares AA'as 
adopted. This, hoAVCA'^er, does not involve any distinct adAmn- 
tage, and the estimation of the errors will be chiefly a matter 
of judgment. The error percentages must be rather high; thus 
the author has estimated that the errors for the critical wave- 
length may amount to 15—20 %, though they probably do not 
exceed 10 %. 

As the result of discussions, the author has found the foll- 
OAA'ing A’alues of /c to be most probable: 
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TN I ?.c 155 m 
TN II ;.c 91 m 



The size of the rotating units was computed according to 
equation (23), 0.53 being used as a value for the specific vol- 
ume. The molecular weight, M, of the rotating units will 
then be 

TNIil/ = 15 500 TN 11.1/ = 9 800 

^ For these low molecular weights the form factor shows con- 
siderable deviation from the limit value. From X-ray data 
(ASTBTJRr and Bell, 1938) the axis ratio was computed to 
^/lo for TN I and for TN II. Corrections give the following 
probable values (and estimated errors) 

TN I 15 500 — 3 % = 15 000 ± 1 500 
TN II 9 800 — 10 % = 9 000 ± 1 000. 

The dipole moments of the units, computed according to 
Debye, on the basis of the formula (11 b), will be 

TN I circa 65 Debye 
TN II circa 38 Debye 


The molecular weights and the relative dijjole moments, 
within normal errors of measurement, are thus in, the ratio 
of 2: 1. It is therefore plausible to suppose that a larger polar 
unit has been divided into two parts. How far impurities 
(protein) in the original preparation maj’^ have conduced to 
this result is uncertain. Dielectric studies can merely reveal 
the difference, wdthout giving any definite information as to 
how' the change has been brought about. In order to settle 
this matter, also other methods are required. 
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Suniiiiary, Part III 


The dielectric study of polynucleotides has shown that, in the 
form of sodium salts in aqueous solution, they have very high 
increments. The thymonucleic acid preparation, the product- 
ion of which was indicated by Hamimarsten in 1924, has 
shown the highest increment, but also the protein-free prepa- 
ration subsequently produced by him shows an increment of 
very high magnitude. Owing to a very marked tendency to 
association, however, the increments are tolerably constant 
only in extremelj'’ dilute solutions. No exact figures for the in- 
crement should therefore be given. The order of magnitude 
should be sufficient to show the markedly polar character of 
the molecules. 

Polyribose nucleotides likewise have a large increment, 
though considerably lower than that of the polyribodesose 
nucleotides. This is presumably due to the fact that, in the 
buildingrup of the polyribose nucleotides, the mononucle- 
otides are linked together so that their dipole moments partly 
neutralize one another. 

This seems to be supported by some determinations of 
uridylic acid, which in very weak concentrations has a higher 
increment, reckoned per phosphorus atom. The increment, 
however, does not agree with that found by Hausser and 
Kinder for adenylic acid, and it does not seem possible to get 
the results to tally, except on the assumption of a critical 
wave-length of several metres. 

A heterogeneous preparation with a greatly varying degree 
of polymerization has been found to hold an intermediate po- 
sition between uridylic acid and polj^ribose nucleotides. 


96 



In conjunction with the polar character of the polynucle- 
otides, a very marked tendency to association is manifested, 
which as regards polyribodesose nucleotides is so pronounced 
that for one of the preparations (TN I) it showed a fall of the 
DC at concentrations over O.i g/100 ml. 

As regards polyribodesose nucleotides, a dispersion within 
the short-wave range was shown. It was found that the critical 
wave-lengths were not the same for the two preparations 
examined. The less pure preparation, TN I, had a dispersion 
corresponding to a molecular weight of about 15 000, whilst the 
protein-free preparation, TN 11, w^as estimated to have 
a molecular weight of about 9 000. 

It is of special interest that the units rotating in the alternat- 
ing field have molecular weights which, within the same grade 
of concentration as those examined with the ultracentrifuge 
(Pedersen, 1940), were then found to have a molecular weight 
of about 200 000. Which of the two figures corresponds to the 
real molecular weight of thymonucleic acid, cannot be stated 
with certainty, but that found by the dielectric investigation 
is a minimum weight. In view of the marked tendency to 
association showm in many ways by thymonucleic acid, it 
seems quite possible that higher molecular weigths may be 
recorded in associated complexes. In that case an end-to-end 
association must be assumed for correspondence with the 
results of the double refraction of flow (Signer, Caspersson 
and Hammarsten, 1938). It cannot, however, be determined 
whether this is merely a case of association, or whether the 
thymonucleic acid molecule is built up of a chain of freely 
rotating units. 

The dispersion curves permitted a computation of relative 
dipole moments according to the method of Debj^e. For TN I, 
65 Debye units are obtained, for TN II about 38. As 
regards the causes of the difference between the preparations, 
it is as yet too early to express an opinion. The effect even of 
a very minute amount of protein may be considerable, and 
cannot be judged before nucleproteins have been investig- 
ated. 
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Polyribose nucleotides showed no dispersion at wave-lengths 
down to 145 m. 

The difference between polyribose and polju’ibodesose nucle- 
otides in regard to polarity and size of the rotating units seems 
to be of interest for the study of their biological functions, w'ith 
which we are now fairly well acquainted (Hammarsten 1924, 
1939, Caspersson 1936, 1940, 1941). 
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Oeneral Suiuiiiary and Conclusions 


With a view to the determination of dielectric constants in 
polynucleotides at. ‘Variable frequencies within the radio fre- 
quency range, the author elaborated an apparatus which is 
based, in principle, on the ellipsoid method indicated by Fiirth. 

It was found that force methods were the only ones that 
could be seriously contemplated for the purpose and, in choos- 
ing between the ellipsoid and the electrometer method, it was 
considered that the former for several reasons was decidedly 
preferable. 

The apparatus was thoroughly tested and controlled and 
was found well adapted for the study of polynucleotides. 

Investigation with this method has shown that polynucle- 
otides in aqcous solution have very high (positive) increments. 
They have thus been found to belong to the relatively very 
small group of substances with this property, within which bio- 
logically important substances constitute the majority. The 
polyribose nucleotides were found to show considerably less 
polarity than the polyribodesose nucleotides, which have mo- 
lar increments of a previously unknown order of magnitude. 

As regards polyribodesose nucleotides, a dispersion was 
shown and its course determined. On the basis of the determin- 
ations made, the molecular weights were computed. In this 
regard, a dielectric study yields information regarding poly- 
nucleotides which cannot be obtained with any other method. 
The estimated molecular weights are in fact considerably lower 
than those found with other methods. This must be interpret- 
ed to signify that the molecules or molecular aggregates are 
actually built up of smaller units, which can be discovered in 
this way. 

A purified and protein-free polyribodesose nucleotide pre- 
paration yielded a markedly lower molecular weight and rela- 


99 



tive dipole moment than those which had not been so highly 
purified. 

In contradistinction from polyribodesose nucleotides, no dis- 
persion was shown by polyribose nucleotides down to 145 m 
wave-length. 

Generally speaking, the dielectric method has thus proved 
to be very valuable in studying substances such as the poly- 
nucleotides. 


This investigation has been financially supported by grants 
from ^Stiftelsen Therese och Johan Anderssons Minne» and 
from ASTRA (Pharmaceutical Chemists’ Manufacturing Com- 
pany). 
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